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2ABSTRACT
The additive manufacturing (AM) of ceramic has gained significant attentions because of the
difficulties in fabricating hard and brittle ceramics into complex geometry. In addition, AM
provides the possibility of fabricating ceramic parts with heterogeneous microstructure on the
multiscale, which cannot be achieved using the traditional methods. In today’s AM technologies,
ceramics are often extruded for form a green body and then fired to a high density. However, two
challenges are faced by the extrusion-based AM of ceramics with multiscale features. One is to
depositing ceramics with submicrometer thickness. The other one is to embed microchannels in
large-scale ceramic parts. To expand the current extrusion-based AM technology, in this thesis,
new approaches of AM ceramics with multiscale heterogeneous features are demonstrated. To
deposit ceramics with nano-meter thickness, the inkjet printing of sol-gel ink was developed.
Dense mullite nano-ribbon was fabricated using this method with post-heat treatment. The novel
single-phasic ink from the water-based mullite sol-gel precursor without any solid particles was
developed to avoid the coffee ring effect. Line stability during printing is highly dependent on the
printing frequency, drop spacing and substrate temperature and the sol-gel ink. It is demonstrated
in this thesis that inkjet printing of sol-gel ink can have a stable processing window which would
be non-existing according to the previous theoretical studies. Taking advantage of the solvent
evaporation and sol-gel transition upon substrate heating, we were able to print stable lines. It is
shown that the crack-free mullite nano-ribbon of the thickness can be printed directly on substrates.
In Chapter III, the direct inkjet printing technique was extended to the fabrication of miniaturized
scintillators based on Erbium activated YAG ceramics. Again, line instability was observed at
25°C and was significantly suppressed when the substrates were slightly heated. Dense and crackfree YAG lines were obtained after firing by adding polyvinylpyrrolidone to the precursor inks.
ii

The photoluminescence of YAG:Er3+ ceramics was optimized. In Chapter IV, an innovative
method, a hybrid of extrusion freeforming and picosecond laser machining, was developed to
flexibly-embedded microchannels in bulk ceramics of complex geometries. The bulk ceramic
green body of complex geometries was fabricated using the extrusion method. After one green
layer was extruded, in-plane microchannels with variable cross-section sizes and aspect ratios were
fabricated using a picosecond laser. After the microchannels were fabricated, a cover layer was
extruded. The green state processed structures were pressurelessly sintered to a bulk density of
~94%. Complex channel patterns and networks were demonstrated. During extrusion, the gaps
between the adjacent filaments can be eliminated by controlling the filament spacing and the
distance between needle tip and substrate. With the correct paste rheology, the cover layer did not
sag into the microchannels and the bonding between layers was excellent. The laser can cut through
multiple layers without damage to the bonding between layers. Due to the uniform shrinkage
during pressureless sintering, the green shapes of the microchannels were well preserved. A
functional multi-oxide ceramic oxygen separator was designed and fabricated in Chapter V using
the hybrid method. The oxygen separator was realized by embedding 3D microchannels into the
bulk BaCo0.4Fe0.4Zr0.1Y0.1O3-δ ceramic. The wall between neighboring channels was ~200 µm
without any observable defects, enabling the permeation of oxygen through channel walls. Correct
laser repetition rate was required to guarantee that the laser removed paste rather than partial
sintered the green body.

iii

3ACKNOWLEDGEMENTS
I would like to express my deep gratitude to my advisor, Dr. Fei Peng, for his patient guidance and
encouragement during my study at Clemson University. The door of his office is always open to me and his
innovative ideas often enlighten me in the research.
Many thanks to my committee members: Drs. Hai Xiao, Jianhua(Joshua) Tong, Konstantin G. Kornev and
Rajendra K. Bordia. Their insightful comments, valuable suggestions and challenging questions helped me
make improvements in the research and steered me in the right direction.
I also want to thanks my group members and collaborators: Dr. Zhaoxi Chen, Mr. Zhao Zhang, Mr. Jincheng
Lei, Mr. Jianxing Ma, Mr. Shenglong Mu, and Mr. Xiao Geng. The cooperation and discussion with them
brought me many new knowledge and ideas that are helpful in the research.
Thanks to Dr. Luiz G. Jacobsohn and Dr. Artem A. Trofimov for the help of photoluminescence
measurement.
I’m also grateful to the staffs in Material Science & Engineering department: Mr. James Lowe, Mr. David
White, Mr. Paul Rowland and Mr. Stanley Justice for their support in setting up and repairing equipment in
our lab.
At last, I want to thank my wife and my parents for their understanding and support during my study.

iv

4TABLE OF CONTENTS
Page
TITLE PAGE ................................................................................................................................... i
ABSTRACT .................................................................................................................................... ii
ACKNOWLEDGEMENTS ........................................................................................................... iv
TABLE OF CONTENTS ................................................................................................................ v
LIST OF FIGURES ..................................................................................................................... viii
LIST OF TABLES ....................................................................................................................... xiii

CHAPTER I
INTRODUCTION .......................................................................................................................... 1
1.1 Background of Additive Manufacturing ............................................................................... 1
1.2 Needs for fabricating parts with heterogeneity using AM .................................................... 3
1.3 Objectives and Challenges .................................................................................................... 5

CHAPTER II
DIRECT INKJET PRINTING OF MULLITE NANO RIBBON FROM THE SOL-GEL
PRECURSOR ................................................................................................................................. 8
2.1 Introduction ........................................................................................................................... 8
2.2 Experimental Procedure ...................................................................................................... 10
2.3 Results ................................................................................................................................. 12
2.4 Discussion ........................................................................................................................... 23
2.4.1 Drop size control .......................................................................................................... 23
2.4.2 Effect of heating on line stability ................................................................................. 24
2.4.3 Cracking, thickness and line stability ........................................................................... 28
2.5 Conclusion........................................................................................................................... 31

v

Table of Contents (Continued)

Page

CHAPTER III
DIRECT INKJET PRINTING OF MINIATURIZED LUMINESCENT YAG:Er3+ FROM SOLGEL PRECURSOR ...................................................................................................................... 32
3.1 Introduction ......................................................................................................................... 32
3.2 Experimental Procedure ...................................................................................................... 33
3.3 Results and discussion......................................................................................................... 36
3.3.1 Ink printability .............................................................................................................. 36
3.3.2 Stability of the printed line ........................................................................................... 36
3.3.3 Sintering of the printed lines ........................................................................................ 41
3.3.4 The relation between line stability, line thickness, cracking and pores ....................... 46
3.3.5 Crystallinity .................................................................................................................. 48
3.3.6 Luminescence ............................................................................................................... 49
3.4 Conclusions ......................................................................................................................... 51

CHAPTER IV
FABRICATING CERAMICS WITH EMBEDDED MICROCHANNELS USING AN
INTEGRATED ADDITIVE MANUFACTURING AND LASER MACHINING METHOD ... 52
4.1 Introduction ......................................................................................................................... 52
4.2 Experimental Procedure ...................................................................................................... 54
4.3 Results and Discussion ........................................................................................................ 57
4.3.1 The Cross-section of Microchannels ............................................................................ 57
4.3.2 The Integration of Additive Manufacturing and Laser Machining .............................. 60
4.3.3 Geometry Flexibility..................................................................................................... 61
4.3.4 Shrinkage During Firing ............................................................................................... 64
4.3.5 Bonding between Layers .............................................................................................. 66
4.3.6 The Relation between Parameters of Laser Machining and Geometry of Microchannels
............................................................................................................................................... 71
4.4 Conclusion........................................................................................................................... 74

vi

Table of Contents (Continued)

Page

CHAPTER V
FABRICATING BACO0.4FE0.4ZR0.1Y0.1O3-δ CERAMIC WITH INTEGRATED MEMBRANES
FOR GAS SEPARATION ............................................................................................................ 76
5.1 Introduction: ........................................................................................................................ 76
5.2 Experimental Procedure: ..................................................................................................... 78
5.3 Results and Discussion ........................................................................................................ 80
5.3.1 The microstructure of the device .................................................................................. 80
5.3.2 The phase and relative density of BCFZY0.1 from solid-state reactive sintering
powder ................................................................................................................................... 81
5.3.3 The effect of laser repetition rate .................................................................................. 85
5.4 Conclusion........................................................................................................................... 87

CHAPTER VI
SUMMARY .................................................................................................................................. 89
REFERENCE S.............................................................................................................................. 92

vii

5LIST OF FIGURES
Figure

Page

Figure 1.1 A schematic example design of highly compacted SOEC stacks: the electrolyte layers
need to be as thin as possible and the microchannels that allow gas to pass through was
required in interconnect layers. ............................................................................................... 5
Figure 2.1 XRD traces of mullite powder calcined under 800°C, 1000°C and 1200°C for 2h. ... 12
Figure 2.2 A series of images taken by a high-speed camera during printing. ............................. 14
Figure 2.3 The effect of drop spacing on the microstructure of printed lines. The optical
micrographs of printed lines after drying on the as-received substrates using the 30PVP ink
printed with decreasing drop spacing, p. The drop spacing were: (a) 𝑝 = 100 μm; (b) 𝑝 = 50
μm; (c) 𝑝 = 25 μm; (d) 𝑝 = 5 μm. .......................................................................................... 16
Figure 2.4 The effect of drop spacing on the printed lines. The optical micrographs of printed
lines on PVB-coated substrates after drying using the 30PVP ink. A decreasing drop spacing
was used: (a) 𝑝 = 75 μm; (b) 𝑝 = 50 μm; (c) 𝑝 = 25 μm; (d) 𝑝 = 5 μm. ................................ 17
Figure 2.5 The effect of drop spacing on the printed lines. The optical micrographs of printed
lines on hot as-received substrates (75°C) after drying using 30PVP ink: (a) 𝑝 = 75 μm; (b)
𝑝 = 50 μm; (c) 𝑝 = 25 μm; (d) 𝑝 = 15 μm; (e) 𝑝 = 5 μm. ...................................................... 18
Figure 2.6 The effect of drop spacing on the printed lines. The optical micrographs of printed
lines on hot as-received substrates (75°C) after drying using 45PVP ink: Frequency 200Hz:
(a) 𝑝 = 50 μm; (b) 𝑝 =25 μm; (c) 𝑝 =15 μm; (d) 𝑝 = 5 μm; Frequency 400Hz: (e) 𝑝 = 50 μm.
............................................................................................................................................... 19
Figure 2.7 The effect of drop spacing on the printed lines. The optical micrographs of printed
lines on PVB-coated substrates after drying using 30PVP ink. The substrate temperature was
57°C for (a) – (d) and 75°C for (e) – (h). The line spacing 𝑝 was: (a) and (e) 𝑝 = 100 μm; (b)
and (f) 𝑝 =50 μm; (c) and (g) 𝑝 =25 μm; (d) and (h)𝑝 = 5 μm. ............................................. 20
Figure 2.8 The optical micrographs of printed lines on as-received substrates after firing using
30PVP ink. Printed on substrates at room temperature: (a) 𝑝 =100 μm; (b) 𝑝 = 50 μm; (c) 𝑝
= 25μm; (d) 𝑝 = 5 μm; Printed on substrates at 75°C (e) 𝑝 = 75 μm. ................................... 22
Figure 2.9 The optical micrographs of printed lines on as-received substrates after firing using
45PVP ink. Printed on substrates at room temperature: (a) 𝑝 =100 μm; (b) 𝑝 = 50 μm; (c) 𝑝
= 25μm; (d) 𝑝 = 5 μm ............................................................................................................ 22
Figure 2.10 The surface morphology of the nano-stripe printed using 45PVP after firing is
smooth and crack-free. .......................................................................................................... 23
viii

Figure

Page

Figure 2.11. Stability condition window of lines printed using the 30PVP ink on the PVB-coated
substrates ............................................................................................................................... 25
Figure 2.12 Schematic of measuring surface tension at high temperature ................................... 27
Figure 2.13. Surface tension and viscosity of 30PVP and 45PVP inks at different temperatures:
(a), Surface tension; (b) viscosity. ......................................................................................... 27
Figure 2.14. AFM images of printed ceramics after firing: a single drop printed by (a) 30PVP
and (b) 45PVP; and (c) a line printed by 45PVP, drop spacing 𝑝 = 75 μm. ......................... 29
Figure 2.15 AFM images of the printed line on the hot silica substrate (75°C) after firing, 𝑝 = 75
μm, ink: 30PVP. .................................................................................................................... 30
Figure 3.1 Printed lines of the YWP ink at room temperature with different drop spacing p: a) p
= 5 μm; b) p = 25 μm; c) p = 50 μm; d) p = 100 μm; d) p = 200 μm. ................................... 37
Figure 3.2 Printed lines of the YWP ink on heated substrates with different temperatures and
drop spacing p: a) 57°C, p = 50 μm; b) 95°C, p = 50 μm; c) 76°C, p = 100 μm; d) 95°C, p =
100 μm. .................................................................................................................................. 37
Figure 3.3 Printed lines using the YWEP ink at different substrate temperatures and drop spacing
p. Substrate temperature, a) – d): 25°C; e) - h): 40°C. Drop spacing: a) e) p = 5 μm; b) f) p
= 25 μm; c) g) p = 50 μm; d) h) p = 100 μm. ........................................................................ 39
Figure 3.4. The stability condition window of lines printed using a) YWP ink and b) YWEP ink.
............................................................................................................................................... 41
Figure 3.5. SEM micrograph of a dried line printed using the YWEP ink. The substrate
temperature is 40°C and drop spacing 𝑝 = 50 μm. ............................................................... 42
Figure 3.6. The optical image of a printed drop using the YW ink after firing at 1200°C for 1h 42
Figure 3.7. Optical images and the SEM micrograph of the surface and cross-section of lines
printed at 25°C using the YWP ink and then fired at 1200°C for 1 h. a) optical image of
isolated drops with ~120nm height; b) SEM micrograph of the surface of a); c) optical
image of bulges with ~300 nm height; d), SEM micrograph of the surface of c) in the bulge
area; and e) SEM micrograph of cross-section of bulges. ..................................................... 43
Figure 3.8. Optical images and SEM micrographs of the surface of lines printed at 95°C using
the YWP ink and then fired at 1200°C for 1 h. a) the optical image of one isolated drop with
~120 nm height; b) the SEM micrograph of the surface of a); c) the optical image of lines of
~200 nm height; d) the SEM micrograph of the surface of c). .............................................. 44

ix

Figure

Page

Figure 3.9. Optical images and SEM micrographs of the surface of lines printed at 40°C using
the YEWP ink and then fired at 1200°C for 1 h. a) the optical image of isolated drops with
~120nm height; b) the SEM image of the surface of a); c) the optical image of lines with
~200nm height; d) the SEM image of the surface of c); e) the optical image of lines with
~300nm height; f) the SEM micrograph of the surface of e). ............................................... 45
Figure 3.10. An unstable track printed using YWEP ink. Substrate was at room temperature and
drop spacing 𝑝 = 5 μm. ......................................................................................................... 47
Figure 3.11. a) DTA and TGA traces of YAG sol-gel powder and b) the XRD spectrum of YAG
after firing at different temperature ....................................................................................... 49
Figure 3.12. a) PL spectra of YAG:Er powders with different Er concentrations heat treated at
1200 °C. b) Integrated PL intensity as a function of Er concentration. ................................ 50
Figure 3.13. Radioluminescence spectrum of YAG:Er powders doped with 2 wt.% heat treated at
1200 °C. The electronic transitions of the main emission lines are shown. .......................... 51
Figure 4.1 The schematic approach to fabricate microchannels on ceramics using the integrated
AM and laser machining method. ......................................................................................... 55
Figure 4.2 An example of extruded ceramic green body. ............................................................. 56
Figure 4.3. The cross-sections of microchannels within bulk extruded alumina after heattreatment at 1600°C for 1 h: a) top-width: ~30 μm; b) top-width: ~400 μm. ...................... 58
Figure 4.4. The mechanism of the trapezoid shape of the channels: a) when the focal point was
far from the edge, the laser beam can focus in the focal point without blockage; b) when the
focal point was near to the edge, some part of the laser beam was blocked or scattered by the
wall of the channel and thus the laser power at the focal point was weakened. ................... 59
Figure 4.5. The SEM micrographs of the sintered alumina part: a) the surface of the wall of a
microchannel; b) the fractured surface. cross-section. .......................................................... 59
Figure 4.6. The SEM micrographs of microchannels with high aspect ratio within bulk alumina
fired at 1600°C for 1h: a) cutting width: 100 μm; b) cutting width: 200 μm. ....................... 61
Figure 4.7. The SEM micrographs of microchannels: a) microchannels with different spacing; b)
higher magnification of (a) showing a well preserved wall between two neighboring
microchannels with a center-to-center spacing of 130 μm. ................................................... 62
Figure 4.8. Optical images of a) a sinuous channel; b) a triangle channel; c) a microchannel
network; d) a SEM micrograph of a tiger paw; e) a SEM micrograph of d) showed that sharp
features were preserved. All samples were fired at 1600°C for 1 h. .................................... 63
x

Figure

Page

Figure 4.9. The SEM micrographs of the vertical channels of alumina fired at 1600°C: a) top
view; b) cross-sectional view. ............................................................................................... 64
Figure 4.10. Top view of vertical channels of alumina: a) before fireing; b) after firing. ............ 65
Figure 4.11. Top view of the pattern of the “tiger paw” on alumina: a) before and ..................... 66
Figure 4.12. The schematic drawing showing three scenarios during the extrusion with needle
flattening the top of the surface: the line width is a) smaller than the inner diameter of the
needle; b) between the inner and outer diameter of the needle; c) greater than the outer
diameter of the needle. e) a typical optical image of the cross-section view of the filament at
scenario b; f) a typical optical image of the cross-section view of the filament at scenario c.
............................................................................................................................................... 68
Figure 4.13. The schematic drawing showing the strategy to eliminate gaps between adjacent
filaments. ............................................................................................................................... 69
Figure 4.14. Top view of the surface of the fired alumina part. ................................................... 70
Figure 4.15. The viscosity of alumina paste versus shear rate...................................................... 71
Figure 4.16. The laser machining procedure (cross-section view). a) material is removed by laser
scanning line-by-line, light blue indicates the affected zone of each laser beam and orange
indicates the overlapped area. b) the focal point of the laser beam moved one step.
downward. c) the focal point keeps moving downward until a desired depth of the channel
has reached ............................................................................................................................ 72
Figure 4.17 The effect of laser power on microchannel: (A) the cutting depth changed with laser
power; the number of repeats was 60; (B) a sinuous microchannel fabricated using a laser
power of 40 μJ showing damage due to high laser power. ................................................... 74
Figure 5.1 The design of the gas separator: (a) the general view of the device; (b), top view of the
base-level; (c), top view of the intermediate-level; (d), top view of the top-level. ............... 80
Figure 5.2 The micrographs of the machined structure: (a), top view of the base-level; (b), the
wall between neighboring microchannels; (c), cross-sectional view of the base-level. ........ 81
Figure 5.3 The X-ray spectrum of BCFZY0.1 powder fired at different temperatures for 5h. .... 83
Figure 5.4 The surface microstructure of BCFZY0.1 fired at different temperatures for 5h: (a),
1100°C; (b), 1200°C; (c), 1300°C; (d), 1400°C. ................................................................... 84
Figure 5.5 The fracturing surface of BCFZY0.1 fired at 1400°C for 5h. ..................................... 85

xi

Figure

Page

Figure 5.6 The microstructure of the microchannel after laser machining and firing at 1300°C.
The laser repetition rate: (a), 100 kHz; (b), 100 kHz; higher resolution of the channel bottom
of (a); (c) 10 kHz; (d), 1 kHz. ................................................................................................ 87

xii

6LIST OF TABLES
Table

Page

Table 2.1 Density viscosity and surface tension of 30PVP and 45PVP inks at room temperature
............................................................................................................................................... 13
Table 2.2 Advanced and receding contact angles of 30PVP and 45PVP ink on as-received and
PVB coated substrates ........................................................................................................... 15
Table 3.1. The compositions of inks ............................................................................................. 34
Table 3.2. The rheology data of the inks ...................................................................................... 36
Table 3.3 The height of printed lines using the YWP and the YWEP inks at different positions 48
Table 4.1. Diameter and eccentricity of vertical microchannels in Figure 4.10. ......................... 66

xiii

CHAPTER I
1

INTRODUCTION

1.1 Background of Additive Manufacturing
The additive manufacturing (AM) has become a growing attraction to both industry and
academia. During the conventional machining methods (e.g. mill, cutting and polishing), the part
with the desired shape is obtained by removing some portion from the body. Additive
manufacturing, on the contrary, builds up the desired shape in a layer-by-layer fashion. This
strategy brings additive manufacturing several merits compared to conventional machining
methods: first, AM enables the rapid prototyping, e.g. parts can be directly fabricated from the
CAD model[1]; second, AM provides a new route to design and fabricate parts with complex
geometry that are hard or impossible to obtained by machining[2]; at last, AM reduces the waste
of the material compared to the machining method. Due to these merits, AM has been applied in
aerospace[3], automotive[4], biomedical[5, 6] and other fields[7].
Ceramics are well known for its hardness and brittleness, so ceramic powder and precursor
solution are the main sources used for additive manufacturing. Due to the high melting point of
ceramics, post heat treatment is often required for densification. Based on “the manufacturing
selectivity”, the ability to either deposit material to the desired position or solidify material at the
desired position, the additive manufacturing methods for ceramics were divided into the following
three categories: inkjet-printing-based AM, extrusion-based AM and laser-based AM.
The first category of additive manufacturing technique, inkjet-printing-based AM, takes
advantages of drop-on-demand (DOD) inkjet printing. Two methods are used to generate the drops
in DOD inkjet printing. In thermal inkjet printing, the forming and collapsing of the vapor bubble
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by local heating generates the pressure pulse and thus ejects the drops. In piezoelectric inkjet
printing, drops are generated from a piezoelectric printhead by controlling the voltage applied to
the piezoelectric actuator to generate the pressure pulse. The inkjet printing technique can fabricate
ceramic parts directly or indirectly. The indirect inkjet printing, the three-dimensional printing
(3DP) technique, prints the polymer binder solution onto the ceramic powder bed and binds
ceramic powder at desired position[1, 8]. The direct inkjet printing uses the inks that are made of
dispersed nano-powders in liquid media [1, 8, 27].
The second category of additive manufacturing techniques is extrusion-based AM. This
method extrudes the slurry out of the orifice by the ram [9, 10] or screw[11, 12]. The term
“robocasting” and “extrusion” are often used for the method that solidifies extruded filament by
solvent evaporation [13-15]. Some other terms are named from the method to solidify extruded
filament, e.g. freeze form extrusion fabrication[9, 10] and fused deposition of ceramics (FDC)[6,
16].
The last category, laser-based AM, uses a laser as the tool to selectively solidify material
at the desired position. The techniques involved are selective laser sintering / melting
(SLS/SLM)[17-20]; laser engineered net shaping (LENS)[21-23] and stereolithography (SLA) [24,
25]. Both SLS/M and LENS use a laser to direct sintering or melt the powder. The difference
between SLS/M and LENS is that the former uses the powder bed system and the later uses the
powder feed system. In addition to direct sintering or melting the metal or ceramic powder, the
laser can sinter or melt the low melting point binder mixed with the metal or ceramic powder, this
strategy is also known as “indirect laser sintering/melting”[18, 26]. Another indirect method is
stereolithography (SLA) which uses a UV-laser to cure the mixture of ceramic slurry or precursor
with UV-curable monomer[24, 27].
2

1.2 Needs for fabricating parts with heterogeneity using AM
In many applications, the parts or devices are required multiscale features to enable desired
functionality. Normally, large scale features are used as backbone or support. Layers with nanothickness can provide lots of attractive functions, for examples, a conductive circuit inside the
ceramic for sensing or a dense electrolyte layer to realize compact fuel cells. For fluid-related
applications, such as the heat exchanger[28] and the chemical reactor[29, 30], microchannel
structure is desired because it provides a large surface area to volume ratio that could greatly
enhance the heat or mass transportation. Using conventional methods, it is difficult or almost
impossible to fabricate a ceramic part with heterogeneity, i.e. different composition at different
positions or features in different scales. To avoid such problems, parts or devices with multi-scale
features have to be fabricated in several parts with certain scale features and assembled together.
The potential of AM to fabricate parts with heterogeneity in materials and structures,
therefore, is very attractive. Applying several manufacturing techniques on the same layer during
AM can simply solve this problem. This unique capability of AM can enable novel design for
many applications.
Among today’s ceramic AM technologies, extrusion-based AM is the most developed for
large scale parts [11, 12, 31]. However, limited by clogging issue of the fine orifice, resolution of
the extrusion-based AM can hardly go down to tens of micrometers[15, 32]. Therefore, it is
impossible to deposit submicrometer layers in large-scale parts. On the other hand, it is also
challenging to obtain parts with microchannels. To fabricate large-scale parts with submicrometer
features or microchannels, new technology has to be developed to expand the capability of the
extrusion-based AM. Direct inkjet printing has demonstrated its potential for ceramic nano-film
[33]. Using the solvent-based inks, the layer thickness can be about tens of nanometer after
3

drying[34]. Introducing direct inkjet printing during extrusion-based AM will provide the
capability of deposit submicrometer layers. To embed microchannels in the parts, we are seeking
the combination of additive manufacturing techniques with conventional subtractive
manufacturing techniques. This concept has been already developed and applied for metal
fabrication, known as hybrid machining. The hybrid machining showed the enhancement of the
fabrication flexibility, savings of the fabrication time and reduction of the cost of the materials
[35-37]. However, current hybrid machining techniques on metals are more focus on taking
advantage of each method, e.g. the geometry flexibility of additive manufacturing, the good
surface quality and geometry accuracy of the subtractive manufacturing. To the best of our
knowledge, no research has been done on fabricating parts with structural heterogeneity. A
promising subtractive manufacturing technology to integrate with extrusion is the laser machining.
Laser machining can provide machining resolution the tens of micrometers without damaging the
brittle material[38]. During fabrication, the extrusion-based AM will focus on building the large
scale geometry and the laser machining will cut the microchannels on the desired layer.
An example was given in Figure 1.1 to better illustrate the needs for the heterogeneity
ceramic parts in the industrial applications. Figure 1.1 shows a compact schematic design of solid
oxide electrolyzer cells (SOEC) stacks for hydrogen production. The working principle of SOEC
is the reverse of the solid oxide fuel cell (SOFC): instead of generating electricity by consuming
fuel and oxygen, SOEC produces hydrogen by consuming electricity and electrolyzing water. A
single SOEC cell has three main components: cathode, anode and electrolyte. In industry, several
SOEC cells are often assembled into a stack for mass production and a interconnect layer is used
to connect the neighboring cells. The thickness of cathode and anode in a cell unit only requires
about 10 to 50 μm [39] but it is often in millimeter level due to the supporting issue[40]. The
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electrolyte layer is required to be as thin as possible to promote the performance of the cell. The
conventional methods often have the electrolyte in several micrometers[40]. The oxygen will pass
through the interconnect layer in the O2 electrode side and the hydrogen will pass through the
interconnect layer in the H2 electrode side. To minimize the overall stack resistance, microchannels
are required [41]. Compared to conventional designs[42], additional structures for support are not
necessary, resulting in a compact stack with high power density per volume.

Figure 1.1 A schematic example design of highly compacted SOEC stacks:
the electrolyte layers need to be as thin as possible and the microchannels that

1.3 Objectives and Challenges
The research here is to expand the capability of extrusion-based AM to fabricate ceramic
parts with multiscale heterogeneous microstructure. The objectives are as follows: 1), develop the
inkjet printing method to deposit ceramic to 2D ceramic pattern with submicrometer-thickness on
certain layers of the extruded part; 2), integrate laser machining methods with extrusion-based AM
to fabricate ceramic part with microchannels. Extrusion-based AM is able to deposit material
rapidly and accurately into the desired geometry in the resolution of tens of micrometers [32] to
several millimeters[7]. Developing a new direct inkjet printing technology will allow the
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deposition of nano to submicrometer features. Integrating extrusion-based AM with conventional
subtractive methods will provide parts with embedded microchannels. However, there are some
challenges regarding these two strategies.
Fabricating ceramic with nano-scale features using direct inkjet printing is possible but still
difficult due to the coffee ring effect and the line stability issue. Actually, ceramic 2D patterns
with submicrometer thickness have not yet been reported using inkjet-printing-based AM. The
coffee ring effect happens when using direct inkjet printing using the ceramic nano-powder
suspension ink. The ceramic nanoparticles tend to concentrate at the edge of the drop during drying
[43-45] and it results in uneven depositions of ceramic powder on the substrates. The coffee ring
effect can be avoided using phase change inks instead of the volatile ink. To form a line, drop by
drop in direct inkjet printing, the adjacent drops need to interact and coalesced. However, the
adjacent drops tend to merge into a large spherical cap in order to minimize their surface
energy[44]. This leads to the line stability problem during inkjet printing. The line of instability
forms in bulges in the line, which will result in uncontrollable line geometry and thickness.
Generally speaking, the boundary conditions between liquid beads to the substrate are the most
critical factor to the line stability [11, 12]. Therefore, ink - substrate combinations need to be
carefully chosen to meet the requirement of boundary condition [12, 38]. The printing parameters
may also affect the line stability in some cases [39, 40].
The integration of extrusion-based AM and laser machining has not yet been developed
and many potential issues have to be investigated. The microchannel structure has to be preserved
during fabrication and consequent sintering. The bonding between layers should be strong without
any delamination. Laser machining strategy also needs to be carefully chosen to guarantee the
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channel geometry. Laser-material interaction plays a role during laser machining and may affect
the final quality of the microchannels.
In Chapter II, we demonstrated ceramic ribbons with submicrometer thickness from the
sol-gel precursor using direct inkjet printing to achieve the first objective. The “coffee ring effect”
was mitigated using the sol-gel precursor ink. With polymer additions, the crack-free ribbons were
obtained with the thickness about 80nm. The line instability was suppressed at the elevated
temperature, which has not been predicted in previous theory. The phase change of the sol-gel ink
during rapid evaporation might be the reason for the line stability increase. The method also
worked for YAG:Er3+ ceramic ribbons with photoluminescence performance in Chapter III. We
also found that using the solvent with faster evaporation rate broaden the processing window of
stable line. In Chapter IV, an integrated additive manufacturing and laser machining method was
developed to achieve the second objective. The geometry of the microchannels was excellent
without observable damage and the shapes were well preserved after firing. The fabrication
strategy and effects of parameters were also discussed in this chapter. In Chapter V, a novel
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ ceramic device for oxygen separation was proposed and fabricated using
the integrated additive manufacturing and laser machining method. The design of the device
integrated the membranes and the gas inlet/outlet together in the bulk ceramics, so it required
minimal sealing and supports compared to the conventional setup.
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CHAPTER II
2DIRECT INKJET PRINTING OF MULLITE NANO RIBBON FROM THE SOL-GEL
PRECURSOR
2.1 Introduction
Fabricating ultra-thin ceramic ribbon is extremely important for flexible and miniature
devices. Our previous study showed that ceramic fibers had excellent flexibility even though that
bulk ceramics are very rigid[46]. This flexibility was due to the small fiber diameter, especially
when the diameter is small than one micrometer. However, owing to the high hardness and
brittleness, ceramics are difficult to machine into complex shapes, especially when the dimension
is down to less than one micrometer. Additive manufacturing (AM) methods for fabricating
complex ceramic components from ceramic precursors offers groundbreaking solutions to this
problem [27, 44, 47-50]. Among these AM methods, inkjet printing[32, 44, 47, 48, 51]
demonstrates great promises providing micrometer precise deposition of ceramic droplets at the
desired locations[1, 44]. Therefore, the formulation of ceramic inks and understanding the criterion
for the stability of printed lines is of great importance [34, 45, 52-55]. The commonly used inks
are made of dispersed nano-powders in liquid media [34, 45, 52]. After the solvent evaporates
from the printed spots, the residual ceramic powder can then be sintered.
One of the major challenges of direct inkjet printing using such nano-powder-based
ceramic inks is that the dried ceramic nanoparticles are generally loosely packed. High density
sintered parts are often difficult to make due to the low green density. Usually, sintering requires
excessive temperatures, resulting in a poor microstructure[56, 57]. This problem is especially
detrimental for the processing of ultra-thin ceramics because the excessive temperature will
quickly deteriorate the microstructure at the nanoscale.
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Another challenge of the inkjet printing using the nanopowder-based inks is that due to the
capillary flow induced by the different evaporation rates over the drop surface, the nanoparticles
tend to concentrate towards the edge of the drop during drying, known as the “coffee ring”
effect[43, 58]. This effect can be mitigated by adding drying agents to the ink or use wax-based
inks[45, 53-55]. However, using wax additives often leads to large shrinkage when the printed
parts are converted to ceramic materials during heat-treatment[53]. Thus several stages of dewaxing are required [54], which are tedious and time-consuming.
Using the sol-gel precursor as printing inks can potentially solve the two challenges. The
single-phase sol-gel precursor ink can mitigate the “coffee ring” effect compared to the powderbased inks because it does not have any particle and will not form any solid precipitates during
drying. The sintering temperature of the sol-gel ceramics is also relatively low due to the extremely
large green surface area before sintering[59]. In general, the sol-gel precursor has the advantages
of having controllable rheology, homogeneous mixing of multiple species and well-controlled
chemical compositions processed at low temperatures[60]. For example, the sol-gel ceramic inks
were used for decoration of ceramic tiles [60, 61]. However, in these reports, no detailed studies
on the printing mechanism or microstructure analyses were carried out.
In this chapter, we demonstrate the idea of using the sol-gel precursor as an ink by studying
the stability of mullite lines. Mullite has been widely used as the high temperature structural and
insulating materials due to its excellent mechanical properties, such as high mechanical strength
and low creep rate at high temperatures [62-65]. In our previous studies, we demonstrated that
using the sol-gel precursors, mullite phase can be obtained at below 1000°C, and mullite fibers
and coatings can be sintered to fully dense at 1000-1200°C[66-69]. The obtained mullite fibers
showed excellent mechanical properties[46].
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Using the inkjet printing method, we printed a set of single droplets and the adjacent drops
interact and coalesce to form a line. Due to the capillary action, the adjacent drops tend to merge
into a larger drop rather than forming a line[43]. This is known as the line stability problem during
inkjet printing. In this paper, we study the line stability during inkjet printing of mullite sol-gel
precursor. We report that the lines printed using ceramic sols have complex flow behavior: at room
temperature, the lines were not stable; increasing the substrate temperature, the line stability can
be significantly improved.
A large volume shrinkage of the printed material during heat-treatment often initiates
cracking, which should be prevented. The cracking behavior of the printed lines during firing was
also studied with the addition of polyvinylpyrrolidone to the ceramic sol as the stress relaxer during
firing. The critical thickness, above which cracking occurs in the printed lines was determined
from the experiment.
2.2 Experimental Procedure
The mullite sol-gel ink was prepared from mullite sol according to our previous studies[6669]. The precursor was prepared from Aluminum isopropoxide (AIP, Al(C3H7O)3, 98%, Alfa
Aesar, MA, USA), aluminum nitrate (AN, Al(NO3)3·9H2O, 98%, Alfa Aesar, MA, USA) and
tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 98%, Acros Organics, NJ, USA) and DI water with
the mole ratio of 0.44:0.2:0.16:10. The AN was dissolved in deionized water at room temperature
by vigorously stirring it for 30 min. Then AIP and TEOS were added to the solution and stirred
for 20 hours. AIP and TEOS were dissolved completely, and clear solutions were obtained. The
solution was then refluxed at 80°C for 5 hours. Approximately 2/3 of the solvent was removed
using a rotary evaporator (IKA RV 10 digital, China). The obtained solution was then set in an
oven at 80°C until viscous sols were obtained. The hydrolyzed sols were then diluted with distilled
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water and mixed with polyvinylpyrrolidone (PVP, Mw 58,000 Da, Sigma-Aldrich, MO, USA)
using an ultrasonicator. The mullite yield, 𝑤, is defined as the weight percentage of final mullite
after firing of the total ink weight. The final mullite yield in the inks was set to 2.5wt%. The solgel precursors with PVP of 30% and 45% of the mullite yield by weight were named as 30PVP
and 45PVP.
Substrates used in this study were fused silica. For comparison, some as-received substrates
were cleaned and coated with a thin layer of polyvinylbutyral (PVB, Butvar B-98, Eastman, USA)
using the dip-coating method. The PVB solution for dip-coating was prepared by dissolving PVB
in aceton (Alfa Aesar, MA, USA) with a concentration of 0.75 g/mL. The withdrawal speed during
dip coating was set to be 20 mm/min. After dip-coating, the substrates were dried in an oven at
40°C for 24 hours before use.
A piezoelectric drop-on-demand printhead (MJ-AT-01-40, orifice diameter 40μm,
MicroFab Inc., Plano, TX, USA) was used in this study. The diameter of the generated droplet was
about 50 μm. The printing frequency was set to 200 Hz. To study the effect of droplet spacing 𝑝
on the printing stability, the moving speed of the substrate was set as: 𝑣 = 𝑝𝑓 , where 𝑓 is the
printing frequency. The viscosities of the inks were measured by an Ubbelohde viscometer
(Cannon instrument, PA, USA). Dynamic contact angle and surface tension were measured by
Kruss drop shape analyzer (DSA100, Hamburg, Germany).
After printing, the substrates were fired at 1100°C for 1 h with a heating rate of 10°C/min.
To identify the phases using X-ray diffraction (XRD, Rigaku Co., Ltd., Tokyo, Japan), mullite
powder was prepared from mullite gel by firing at a target temperature. The microstructure of the
printed lines was characterized using scanning electron microscopy (SEM, Hitachi S4800, Hitachi,
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Ltd., Tokyo, Japan). The surface features of the printed patterns were measured using an atom
force microscope (WITec Aplpha 300, WITec GmbH, Ulm, Germany).
2.3 Results
The XRD traces of the mullite gel heated at 800°C, 1000°C and 1200°C for 2h are shown
in Figure 2.1. The sol-gel powder remained amorphous after being calcined at 800°C and became
crystalline when the powder was calcined at 1000°C, which is consistent with our previous
studies[66, 67].

Figure 2.1 XRD traces of mullite powder calcined under 800°C,
1000°C and 1200°C for 2h.

The droplet generation is driven by the surface tension, promoted by the inertial forces and
retarded by the viscous forces[43]. To evaluate the contribution of viscous forces relative to the
surface tension forces during fluid flow in the liquid droplets forming at the printhead, the
dimensionless value 𝑍 is introduced:
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𝑍=

√𝛾𝜌𝑎
𝜂

(2.1)

where 𝜂 is the viscosity, 𝛾 is the surface tension, 𝜌 is the density and 𝑎 is the diameter of ink drops.
The inks can be printed one droplet per trigger if 1 < 𝑍 < 10 [43]. If 𝑍 value is too low, the inks
are non-printable. If the 𝑍 value is too high, some satellite droplets will be formed, resulting in
non-uniform droplets and uncontrollable printing.
The densities, viscosities, and surface tensions of the sol-gel inks are given in Table 2.1.
The 𝑍 value of our 30PVP ink and 45PVP ink were 4.83 and 4.87 respectively, both indicating a
good printability. Figure 2.2 A series of images taken by a high-speed camera during printing.
shows a series of images during droplet printing. The droplets were printed without any satellite
droplet. The diameter of the printhead was 40 μm and the printing frequency was 200 Hz. The
images were taken by a high-speed camera with a frequency of 5000fps. The diameter of the
droplets was ~50 μm.
Table 2.1 Density viscosity and surface tension of 30PVP and 45PVP inks at room temperature

Ink

Density (g/cm3)

Viscosity (cP)

Surface tension (mN/m)

30PVP

1.00

1.14 ± 0.01

58.0 ± 0.1

45PVP

1.00

1.17 ± 0.01

64.9 ± 0.5
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Figure 2.2 A series of images taken by a high-speed camera during printing.

In order to study the effect of contact angle on the line stability, we use two types of
substrates. One type is the as-received silica substrates and the other is the silica substrates coated
with polyvinylbutyral (PVB-coated substrates) to modify the contact angle between sol-gel ink
and substrate. The advanced and receding contact angles of 30PVP ink on as-received and PVBcoated substrates are shown in Table 2.2. Figure 2.3 and Figure 2.4 show the microstructure of the
printed line with 30PVP on the as-received and PVB-coated substrates, respectively. From Figure
2.3, we found that when the drop spacing was sufficiently large, (e.g. 𝑝 = 100 μm, Figure 2.3 (a)),
no line was formed and only isolated droplets were observed. The diameter of a single droplet on
the as-received substrates was 72 μm. When the drop spacing was between 50 and 100 μm, the
receding of the liquid ink caused the line to coalesce into isolated islands as show in Figure 2.3(b).
Bugles were observed when the drop spacing, 𝑝, was between 5 and 25 μm, as shown in Figure
2.3 (c) and (d). This is because the liquid line tends to minimize the surface energy by reducing
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the surface area. A larger bulge size was observed for smaller drop spacing. No stable printed lines
that have straight edges were obtained regardless of the change of the drop spacing 𝑝.
When the PVB-coated substrates were used, we observed a similar phenomenon. No stable
lines (lines with straight edges) were obtained. Either isolated islands or lines with bulges were
observed. The droplets had a slightly smaller diameter (67 μm) on the PVB-coated substrates. The
printed lines were less stable on the PVB-coated substrates than that on the as-received substrates.
The liquid bridge between the bulges had irregular widths and edges when the drop spacing was
smaller than 50 μm (Figure 2.4 (b), (c) and (d)). The 45PVP ink showed very similar printing
behavior to the 30 PVP ink on both as-received and the PVB-coated substrates, hence the results
are not shown in details here.
Table 2.2 Advanced and receding contact angles of 30PVP and 45PVP ink on as-received and
PVB coated substrates
Advanced contact angle (°)

Receding contact angle (°)

Substrate
30PVP

45PVP

30PVP

45PVP

As-received

68 ± 3

68 ± 2

15 ± 2

15 ± 2

PVB coated

85 ± 1

84 ± 1

18 ± 1

19 ± 1
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Figure 2.3 The effect of drop spacing on the microstructure of printed lines. The
optical micrographs of printed lines after drying on the as-received substrates
using the 30PVP ink printed with decreasing drop spacing, p. The drop spacing
were: (a) 𝑝 = 100 μm; (b) 𝑝 = 50 μm; (c) 𝑝 = 25 μm; (d) 𝑝 = 5 μm.
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Figure 2.4 The effect of drop spacing on the printed lines. The optical
micrographs of printed lines on PVB-coated substrates after drying using the
30PVP ink. A decreasing drop spacing was used: (a) 𝑝 = 75 μm; (b) 𝑝 = 50 μm;

At room temperature, no stable lines were obtained from the mullite sol-gel inks on either
as-received or the PVB-coated substrates. The effect of substrate temperature on the printing
stability was further studied. When the mullite sol-gel inks were printed on the as-received
substrates upon heating, the bugling was suppressed. However, stable lines were not observed until
the substrate temperature was raised to 75°C, as shown in Figure 2.5 and Figure 2.6. When the
drop spacing 𝑝 is large (e.g., 𝑝 = 75 μm), the lines formed lines with ‘scalloped’ edges, also called
‘scalloped lines’. When the drop spacing was between 25 μm to 50 μm, stable lines were obtained.
When the drop spacing was further decreased to 5 μm, lines with bulges were observed.

17

Figure 2.5 The effect of drop spacing on the printed lines. The optical micrographs
of printed lines on hot as-received substrates (75°C) after drying using 30PVP ink:
(a) 𝑝 = 75 μm; (b) 𝑝 = 50 μm; (c) 𝑝 = 25 μm; (d) 𝑝 = 15 μm; (e) 𝑝 = 5 μm.
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Figure 2.6 The effect of drop spacing on the printed lines. The optical micrographs of
printed lines on hot as-received substrates (75°C) after drying using 45PVP ink:
Frequency 200Hz: (a) 𝑝 = 50 μm; (b) 𝑝 =25 μm; (c) 𝑝 =15 μm; (d) 𝑝 = 5 μm;
Frequency 400Hz: (e) 𝑝 = 50 μm.
The effect of the 𝑝 parameter on the line stability was also investigated using the PVBcoated substrates upon heating, as shown in Figure 2.7. Stable lines were also observed on the hot
PVB-coated substrate at elevated temperature using 30PVP as printing ink. At 57 °C, stable lines
were observed for 𝑝 = 50 μm, rather than the bulged lines obtained at room temperature (Figure
2.4 (b)). Further increasing the substrate temperature to 75°C, we observed scalloped lines when
the drop spacing was 50 μm (Figure 2.7 (f)). Stable lines without bulges were observed at this
temperature when the drop spacing decreased to 25 μm, as shown in Figure 2.7(g).
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Figure 2.7 The effect of drop spacing on the printed lines. The optical micrographs
of printed lines on PVB-coated substrates after drying using 30PVP ink. The
substrate temperature was 57°C for (a) – (d) and 75°C for (e) – (h). The line spacing
𝑝 was: (a) and (e) 𝑝 = 100 μm; (b) and (f) 𝑝 =50 μm; (c) and (g) 𝑝 =25 μm; (d) and
(h)𝑝 = 5 μm.
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The optical images of printed lines after firing at 1100°C using 30PVP ink are shown in
Figure 2.8. When the drop spacing was 100 μm, the distance between adjacent droplets was too
large to form a line. No cracks were observed on the isolated droplets. The lines remained crackfree when 𝑝 = 50 μm. When the drop spacing was 25 μm, cracks were observed. The density of
cracks has increased substantially when the drop spacing was reduced from 25 μm to 5 μm. The
morphology of the lines printed using the 45PVP ink was similar to that made from the 30PVP
ink, as shown in Figure 2.9. Bugles became smaller with the larger droplet spacing. Since bugles
are made of several droplets, they tended to have a large thickness and resulted in severe cracking.
The SEM micrograph of fired line by 45PVP ink is shown in Figure 2.10. Dense surface was
obtained after firing without micro-cracks.
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Figure 2.8 The optical micrographs of printed lines on as-received substrates after
firing using 30PVP ink. Printed on substrates at room temperature: (a) 𝑝 =100 μm;

Figure 2.9 The optical micrographs of printed lines on as-received substrates
after firing using 45PVP ink. Printed on substrates at room temperature: (a) 𝑝
=100 μm; (b) 𝑝 = 50 μm; (c) 𝑝 = 25μm; (d) 𝑝 = 5 μm
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Figure 2.10 The surface morphology of the nano-stripe printed using
45PVP after firing is smooth and crack-free.

2.4 Discussion
2.4.1 Drop size control
To print fine and complexly shaped features, small droplets are desired. Considering that a
droplet generated by the printhead has a diameter 𝑑0 , after hitting the substrate, it spreads over into
a spot of diameter 𝑑. If the gravity is much smaller than the surface tension force, i.e. the Bond
number is much smaller than 1: 𝐵𝑜 =

𝜌𝑔𝑑0 2
𝜎𝐿𝑉

≪ 1, one can ignore the effect of gravity on the drop

shaping. For the 30PVP and 45PVP inks, we estimate the Bond number as 𝐵𝑜 = 4.23 × 10−7 and
3.77 × 10−7 . Thus, the effect of the droplet weight can be neglected and the drop shape can be
safely assumed to be an ideal spherical cap[70] with
𝑑 = 𝑑0 𝛽𝑒𝑞𝑚
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where 𝛽𝑒𝑞𝑚 = 3√ 𝜃
𝜃 and 𝜃 is the advanced contact angle.
tan( )[3+tan2 ( )]
2

2
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(2.2)

According to equation 2.2, the greater the contact angle the smaller the droplet size on the
substrate. In our experiments, the advanced contact angle for as-received substrates is 68°, so the
spreading diameter on the substrate was d~75 μm. The PVB-coated substrates were prepared to
reduce the drop size because the contact angle on the PVB-coated substrates was 85° which led to
a spreading diameter of d~66 μm. These calculated drop spreading diameters, using equation 2.2,
were excellently consistent with our measured value (d~75 μm on as-received substrates and d~67
μm on the PVB-coated substrates).
2.4.2 Effect of heating on line stability
The boundary conditions between liquid and substrates are found to be critical to the line
stability[71-73]. An initial study on line stability was done by Davis using a full flow model[71].
When considering three boundary conditions for the liquid rivulet on the substrate: i) fixed contact
lines; ii) fixed contact angles; iii) contact angles change with contact line speed, Davis showed that
only case i) has resulted in stable lines when the nominal contact angle is less than 90°. This
prediction was confirmed by Schiaffino[72]. The condition of fixed contact lines means that the
contact lines of the drops are pinned at the substrates. However, for obtaining a stable printed line,
the fixed contact line requirement is too strong and hard to achieve in practical situations. The only
reported type of ink that satisfies this boundary condition is the ink made of the phase changing
material [53, 72].
Actually, the lines may be still stable if the contact lines can move forward but may not
move backward, as reported by Duineveld[73]. Unfortunately, no theoretical explanation for this
boundary condition was given. In this condition, contact lines are pinned partially. Inks that have
a finite advanced contact angle but a zero receding angle would satisfy this condition, such as the
powder based inks[70, 73].
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In this study, both inks do not meet these boundary conditions. The drops were not pinned
in our experiments, because the inks have a non-zero receding angle on both as-received and the
PVB-coated substrates (Table 2.2). Thus, the printed lines were not stable at room temperature on
these substrates. However, when the substrates were heated, we observed a new stable printing
condition windows as shown in Figure 2.11. In general, increasing the substrate temperature
helped to stabilize the printing lines. Further analysis was carried out to understand this
phenomenon.

Figure 2.11. Stability condition window of lines printed using the 30PVP
ink on the PVB-coated substrates
The flow of liquid in printed lines is driven by the capillary pressure. Thus, one of the
possible reason for the increased line stability is that the surface tension of the ink decreased
significantly as the substrate temperature increased and consequently eliminated the driving force
to cause the printing instability. Another possible reason was that the viscosity of the ink increased
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dramatically with increasing temperature and thus the line effectively solidifies after solvent
evaporation.
We hereby show that our stable lines at elevated temperature were not resulted from these
reasons. The schematic for measuring the surface tension at different temperatures is shown in
Figure 2.12. Pendant drops were ejected from the needle tip in a sealed chamber. After reaching
the temperature of interest, a droplet was kept for 5 min before each measurement to ensure
saturation of the vapor pressures in the chamber. From the results shown in Figure 2.13, we found
that the surface tension only decreased slightly as the temperature increased, so the change of
surface tension is not a dominant factor.
To show that without solvent evaporation the ink viscosity decreases as temperature
increases, we have conducted measurements of viscosity in the closed cap. The decrease in the
viscosity with the increase in temperature was significant (Figure 2.13). This reduction of viscosity
at high temperatures would worsen the stability of the printed line by enhancing the flow in the
lines[70, 73]. Therefore, neither the change of surface tension nor the change of viscosity due to
the increase in temperatures was the main reason for the stability change of printed lines.
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Figure 2.12 Schematic of measuring surface tension at high temperature

Figure 2.13. Surface tension and viscosity of 30PVP and 45PVP inks at
different temperatures: (a), Surface tension; (b) viscosity.

The increase of the line stability on the hot substrate was also reported by Soltman[74]. He
showed that printed lines can be stable at some unstable printing conditions by increasing the delay
time or heating the substrates, indicating that the boundary condition might be changed. However,
this phenomenon has not been extensively studied in the previous works because heating will
enhance evaporation and thus worsen the “coffee ring” effect[43, 45, 74]. Our novel sol-gel inks
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are completely powder-free so this effect can be avoided. Before instability occurs, if the ink can
gel to become sufficiently viscous by solvent evaporation, the drops could be pinned and the stable
lines could be obtained. In addition, the heating accelerates the polymerization of the sol, causing
the viscosity to increase even more significantly[75]. Since the substrate was heated, the combined
effect of drying and fast gelation at the droplet edge helps to pin the contact line[75].
However not all printing parameters resulted in stable lines at the elevated substrate
temperatures. If we keep the drop spacing constant but increase the printing frequency, the delay
time per unit length of the line will be reduced and thus the lines could be unstable. This prediction
was confirmed in experiments. When printing frequency was increased to 400 Hz, the printed lines
remained unstable even if the substrates were heated to 75°C, as shown in Figure 2.7(e).
2.4.3 Cracking, thickness and line stability
The critical thickness, or the maximum thickness without cracks for pure mullite coating,
is generally less than 100 nm[67, 76]. Therefore, PVP was often added as stress releasing agent to
the sol-gel precursor to increase the critical thickness[67, 77]. The thickness of a single drop
printed by using 30PVP and 45PVP were ~ 90 nm and ~ 200 nm respectively, as shown in Figure
2.14 (a) and (b). The thickness of the crack-free lines printed by using 45PVP ink is 3-times thicker
than that printed by using 30PVP ink. The thickness of the printed lines (Figure 2.14(c)) was ~ 80
nm. This thickness is thinner than that of a single droplet due to large droplet spacing of the line.
Both 30PVP and 45PVP ink resulted in severe cracking in large bulges because the
accumulated liquid in the bugles making the thickness in the bulges exceeds the critical thickness.
In our previous study, about 50wt% PVP to mullite yield would obtain maximum critical
thickness[67]. A small number of cracks was observed in nano-ribbon obtained from 45PVP ink
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which indicates that the thickness of the lines/drops printed by 45PVP ink almost reaches the upper
limit.

Figure 2.14. AFM images of printed ceramics after firing: a single drop
printed by (a) 30PVP and (b) 45PVP; and (c) a line printed by 45PVP, drop
spacing 𝑝 = 75 μm.
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The thickness of a drop printed using 45PVP after firing is reduced from ~1 μm to ~200
nm. Although the lines printed using 45PVP ink on hot substrates can be stable, the thickness of
the stable lines before firing can be ranging from 1 ~ 3 μm depending on drop spacing. Likewise,
the stable lines printed by 30PVP were also above the critical thickness and could not survive after
firing. Thus we cannot obtain crack-free and stable lines unless using inks with lower concentration.
The thickness of the scalloped lines is smaller than that of the stable lines due to the
increase of droplet spacing. Thus, crack-free lines can still be obtained, as shown in Figure 2.8(e).
The thickness of the printed lines on hot substrates is not uniform as shown in Figure 2.15: the
thickness of the edge is about 300nm but the thickness of the center is only about 100nm. This
valley-like structure can be explained as following: the evaporation rate of the ink is high at the
edge than that at the center, so when the droplets hit the substrates, the ink at the edges dried at the
beginning and became solid while the ink at the center can still flow along the axis direction. So
the shrinkage during further drying took place by forming valley-like cross-section.

Figure 2.15 AFM images of the printed line on the hot silica substrate
(75°C) after firing, 𝑝 = 75 μm, ink: 30PVP.
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2.5 Conclusion
Aqueous single-phase mullite precursor inks were prepared with good printability. We
found that the stable printed lines can be obtained using these sol-gel inks on the substrates even
when the receding contact angle is greater than zero. The existing theories and experiments show
that no stable lines could be printed at these conditions. In this study, we found that the stability
of printed lines from the sol-gel inks can be promoted by increasing the temperature. The printed
lines on as-received and the PVB-coated substrates were unstable at room temperature. By heating
the substrate to 75°C, we successfully obtained stable lines from the mullite sol-gel inks. Neither
the change of surface tension nor viscosity of non-evaporating ink could result in the line
stabilization. A possible explanation is that the hot substrates accelerate solvent evaporation and
sol polymerization. These effects dramatically increase the ink viscosity resulting in solidification
of the printed line. After firing at 1100°C, ceramic nano-ribbons were obtained. We also found
that due to the effect of stress relaxation of the polymer during heat-treatment, an increase of the
PVP concentration results in an increased nano-ribbons thickness without cracking.
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CHAPTER III
3DIRECT INKJET PRINTING OF MINIATURIZED LUMINESCENT YAG:Er3+ FROM SOLGEL PRECURSOR
3.1 Introduction
Polycrystalline ceramic and single-crystal scintillators are widely used in medical imaging,
security inspection and high energy physics[78-80]. In many applications, the scintillator needs to
be fabricated into specific geometries, e.g., sheets [81] and fibers [82], to allow the optimal
performance or to satisfy specific needs. For example, fiber scintillators have been used to measure
the particle radiation dose for local cancer treatment [82]. Thus, it is highly desired to be able to
fabricate miniaturized ceramic scintillators into complex geometries for specific applications, or
as a part of integrated smart devices. However, due to the high hardness and brittleness of ceramics,
they are difficult to fabricate into complex shapes in small dimensions (e.g. smaller than 100 μm)
using the traditional bulk sintering and machining method [83].
Direct inkjet printing is a promising method to fabricate complex ceramic features because
the ceramic precursors can be directly deposited at specific positions with a high spatial resolution
[84]. Many ceramic systems have been directly printed on substrates using the inkjet printing
method [34, 45, 52, 54, 55]. Some complex parts, such as ZrO2 mazes [34]and Si3N4 gear wheels
[85], have been successfully fabricated using this method. However, commonly used inks are made
of dispersed nanopowders in a liquid medium [34, 45, 52]. Besides the challenge of dispersion,
the ceramic nanoparticles tend to concentrate at the edge of the drop during drying. This effect is
known as the ‘coffee ring’ effect [44] and it results in uneven depositions of ceramic powder on
the substrates. One can avoid the coffee ring effect by using a ceramic sol-gel precursor instead of
a nanopowder dispersion as the ink for direct inkjet printing. Ceramic sol-gel precursors allow one
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to uniformly mix the solute molecules [60] thus avoiding concentration gradients in the printed
drops. However, there are no systematic studies of the stability of the printed lines formed by the
sol-gel inks. In addition, post-processing and sintering efficiency of the printed sol-gel lines have
not been studied.
In this work, we aimed at demonstrating the use of direct inkjet printing to fabricate
miniaturized rare earth activated YAG-based scintillators. Toward this goal, we used sol-gel
derived YAG:Er3+ precursor to create lines of ~100 μm width. To obtain stable lines without bulges,
we studied the effect of drop spacing, the substrate moving speed and substrate temperature.
Finally, the luminescence of sintered YAG:Er3+ was characterized by means of photoluminescence
and radioluminescence measurements.
3.2 Experimental Procedure
The YAG precursor was prepared from aluminum isopropoxide (AIP, Al(C3H7O)3, 98%,
Alfa Aesar, MA, USA), aluminum nitrate nonahydrate (AN, Al(NO3)3·9H2O, 98%, Alfa Aesar,
MA, USA) and yttrium nitrate hexahydrate (YN, Y(NO3)3·6H2O, 99.9%, Alfa Aesar, MA).
Erbium nitrate pentahydrate (EN, Er(NO3)3·5H2O, 99.9%, Sigma, MO) was used as the starting
material of the activator, and deionized (DI) water was used as the solvent. The molar ratio of AIP:
AN: YN: DI water was 3.5:1.5:3:100 in order to make stoichiometric YAG. AN and YN were first
dissolved in deionized water at room temperature by vigorously stirring for 30 min. Then AIP was
added into the solution and stirred for 20 hours. The solution was then refluxed at 80°C for 5 hours.
Approximately 2/3 of the solvent was removed using a rotary evaporator (IKA RV 10 digital,
China). The resultant solution was dried in an oven at 80°C until viscous sols were obtained. The
hydrolyzed sols were diluted with DI water or water-ethanol mixture solution using an ultrasonic
processor. The YAG yield 𝑤 is defined as = 𝑚⁄𝑚0 × 100% , where 𝑚 is the mass of product
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after firing at 1200°C for 1h and 𝑚0 is the mass of the ink before firing. The YAG yield in the inks
was diluted to 2.5%. Polyvinylpyrrolidone (PVP, Mw 58,000 Da, Sigma-Aldrich, MO, USA) was
added to relax stresses during srying. The PVP weight to the YAG yield was set to be 30%. Three
different inks were investigated: YAG sol in water (YW); YAG sol in water with PVP (YWP);
and YAG sol in water and ethanol with PVP (YWEP). The compositions of the final inks are
shown in Table 3.1.
Table 3.1. The compositions of inks
Ink

YW

YWP

YWEP

YAG yield

2.5%

2.5%

2.5%

Solvent

DI water

DI water

DI Water: ethanol =7:1
by weight
PVP addition

No

Yes

Yes

Fused silica plates were used as substrates. To clean them, they were ultrasonicated in the
following sequence: DI water, ethanol and acetone, each for 10 min. After sonication, substrates
were dried in an oven. A piezo-electric drop-on-demand printhead (MJ-AT-01-40, orifice diameter
40μm, MicroFab Inc., Plano, TX, USA) was used in this study. The diameter of the generated
droplet was about 60 μm, as measured using a high-speed camera. The printing frequency was set
to 200Hz. To study the effect of droplet spacing, 𝑝, on the printing stability, the moving speed of
the substrate was set as: 𝑣 = 𝑝𝑓 for a given p, where 𝑓 is the printing frequency. The viscosities
of the inks were measured using an Ubbelohde viscometer (Cannon instrument, PA, USA) under
water bath. The advancing and receding contact angles, and surface tension were measured using
a Kruss drop shape analyzer (DSA100, Hamburg, Germany).
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After printing, the samples were dried in an oven at 80°C for 24h and then fired at 1200°C
for 1h with a heating rate of 10°C/min. Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) of YAG gel were carried out using a DTA7 analyzer (Perkin Elmer, MA) and a
TGA7 analyzer (Perkin Elmer, MA). In order to identify the phases using X-ray diffraction (XRD,
Rigaku Co., Ltd., Tokyo, Japan), YAG powder was prepared from YAG gel by firing at a target
temperature for 1h. The fully-dried printed patterns were characterized using the optical
microscope (Olympus BX60). The microstructure of printed patterns after firing was characterized
using the scanning electron microscope (SEM, Hitachi S4800, Hitachi, Ltd., Tokyo, Japan). The
widths of the printed tracks were observed from the top-view using the optical or electron
microscopy. The thickness features of the printed patterns were measured using an Atomic Force
Microscope (WITec Aplpha 300, WITec GmbH, Ulm, Germany).
Photoluminescence spectra were obtained using a Horiba Jobin Yvon Fluorolog 3
spectrofluorometer equipped with double monochromators for both excitation and detection, and
a 450 W xenon lamp as the excitation source. All measurements were carried out in ambient
conditions with excitation set at 381 nm and detection spectral resolution of 1 nm.
Scintillation was evaluated by means of radioluminescence measurements under X-ray
excitation using a custom-designed Lexsyg Research spectrofluorometer (Freiberg Instruments,
Germany) equipped with a VF-50J X-ray tube (Varian Medical Systems, UT) with a W target and
operated at 40 kV and 1 mA, and a DU920P-BU Newton CCD camera (Andor Technology, UK).
Spectra were not corrected for the spectral sensitivity of the system.
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3.3 Results and discussion
3.3.1 Ink printability
The density, viscosity, surface tension, and droplet formation parameter, 𝑍 of the sol-gel
inks, are given in Table 2, where Z is the printability of the inks calculated using Equation 2.1.
In general, inks are printable if 1 < 𝑍 < 10 [44]. As can be seen from Table 3.2, the Z values for
all inks are in the printable regime.
Table 3.2. The rheology data of the inks

Density

Viscosity

𝑍

Ink
3

(g/cm )

(10

−3

Pa ∙ s)

Advancing

Receding

contact

contact

angle (°)

angle(°)

Surface tension
(mN/m)

YW

1.04

1.09

61.72 ± 0.08

5.17

47 ± 1

19 ± 2

YWP

1.04

1.11

64.94 ± 0.08

5.10

45 ± 1

15 ± 2

YWEP

1.01

1.51

42.50 ± 0.05

3.23

37 ± 2

15 ± 2

3.3.2 Stability of the printed line
The optical images of the printed lines using the YWP ink are shown in Figure 3.1. We did
not observe any lines with straight edges (i.e. stable lines) for drop spacing 𝑝 from 5 to 200μm.
When the drop spacing was small (i.e. 𝑝 = 5 - 50 μm), bugles were always formed. When 𝑝 was
between 100 and 200 μm, only isolated or coalesced drops were observed.

36

Figure 3.1 Printed lines of the YWP ink at room temperature with different drop
spacing p: a) p = 5 μm; b) p = 25 μm; c) p = 50 μm; d) p = 100 μm; d) p = 200 μm.

Figure 3.2 Printed lines of the YWP ink on heated substrates with different
temperatures and drop spacing p: a) 57°C, p = 50 μm; b) 95°C, p = 50 μm; c)
76°C, p = 100 μm; d) 95°C, p = 100 μm.
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When substrates were heated to temperatures above room temperature during printing,
stable lines were obtained using the YWP ink, as shown in Figure 3.2. As shown in Figure 3.2 a,
at 57°C, the line morphology presenting bulges was very similar to the one obtained at room
temperature for the same drop spacing (e.g., 𝑝 = 50 μm, Figure 3.1 c). Upon increasing the
substrate temperature to 95°C, stable lines without bulges were observed as shown in Figure 3.2
b. For a drop spacing of 𝑝 = 100 μm, when the substrate temperature was increased to 76°C, lines
with ‘scalloped’ edges, also called ‘scalloped lines’, was observed (Figure 3.2 c), rather than
separated drops obtained at room temperature. Scalloped lines were also observed at 95°C (Figure
3.2 d), similar to the situation at 76°C with the same drop spacing.
The effect of the 𝑝 parameter on line stability was investigated using the YWEP ink (Figure
3.3). Again, when the substrate temperature was 25°C, bulges were observed for small drop
spacing (i.e., 𝑝 = 5 to 50 μm) and separated droplets were observed when the drop spacing was
100 µm. Once substrate temperature was increased to 40°C, bulges were still observed for 𝑝 = 5
μm, but lines were stable for 𝑝 = 50 μm and 𝑝 = 100 μm. When drop spacing set at 100 µm,
scalloped lines were observed. The edges of the lines for 𝑝 = 100 μm were slightly scalloped,
indicating that the spacing was too large to form lines with straight edges [71].
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Figure 3.3 Printed lines using the YWEP ink at different substrate temperatures and drop
spacing p. Substrate temperature, a) – d): 25°C; e) - h): 40°C. Drop spacing: a) e) p = 5 μm;
b) f) p = 25 μm; c) g) p = 50 μm; d) h) p = 100 μm.
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One of the most relevant challenges for printing YAG lines using sol-gel ink is line stability.
Considerable effort has been made to understand line stability during inkjet printing. Davis
concluded that in order to form a stable line, the contact lines of a printed line must be fixed on
the substrate in order to form stable lines when the nominal contact angle is less than 90° [72]. The
boundary condition of fixed contact lines assumes that drops must be pinned on the substrate.
However, this boundary condition is too strong and is hard to be realized in many practical printing
situations. A weaker boundary condition was proposed by Duineveld[73], where contact lines can
move forward but may not move backward. In other words, drops are only partially pinned on the
substrate. Inks that have finite advancing contact angle but zero receding contact angle on
substrates can satisfy this requirement, such as powder-based inks [45, 70]. In this work, our solgel inks did not meet these requirements. The measured receding contact angles were not zero, as
shown in Table 3.2. The drops were not pinned onto the substrates and thus we observed unstable
lines at 25°C. These observations match previous studies [70-72]. However, when the substrates
were slightly heated, we observed new stable printing condition windows that are shown in Figure
3.4. From Figure 3.4, we can conclude that in general, increasing substrate temperature helps
stabilize the printing tracks. These results were consistent with our results in Chapter II.
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b)

a)

Figure 3.4. The stability condition window of lines printed using a) YWP ink and b) YWEP

3.3.3 Sintering of the printed lines
Fully-dried YAG:Er3+ lines printed from all inks had uniform morphology without cracks
or pores, as shown in Figure 3.5. After firing at 1200°C for 1 h, the printed lines from the YW ink
presented severe buckling and cracking, as shown in Figure 3.6. The addition of PVP to the YWP
ink yielded crack- and buckle-free printed lines, as revealed by optical microscopy (Figure 3.7 a
and c). The isolated drops with ~120 nm thickness appeared dense and pore-free (Figure 3.7 b).
However, some pores were observed on the surface of the bulge (Figure 3.7 d). The surface
morphology of lines printed using the YWP ink with the substrate at 95°C was different from that
of the other lines: some wrinkles were found on the surface of the lines as shown in Figure 3.8 c.
The surface without wrinkles was still dense and pore-free, as shown in Figure 3.8 a and b, but
many pores were observed on the wrinkled surface (Figure 3.8 d).
Optical images and SEM micrographs of lines printed using the YWEP ink at 40°C are
shown in Figure 3.9. No buckles were observed in tracks printed using the YWEP ink, as shown
in Figure 3.9 c and d. The increase of the thickness of tracks led to the appearance of pores and
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cracks. For example, when the thickness of the sintered deposition was ~120 nm, no cracks were
observed as shown in Figure 3.9 a and b. Dense morphology was observed for lines with thickness
~200 nm, as shown in Figure 3.9 c and d. Cracks were observed under optical microscopy when
the track thickness was greater than ~300 nm, as shown in Figure 3.9 e and f.

Figure 3.5. SEM micrograph of a dried line printed using the YWEP ink. The substrate

temperature is 40°C and drop spacing 𝑝 = 50 μm.

Figure 3.6. The optical image of a printed drop using the YW ink after firing at 1200°C
for 1h
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Figure 3.7. Optical images and the SEM micrograph of the surface and cross-section of lines
printed at 25°C using the YWP ink and then fired at 1200°C for 1 h. a) optical image of
isolated drops with ~120nm height; b) SEM micrograph of the surface of a); c) optical image
of bulges with ~300 nm height; d), SEM micrograph of the surface of c) in the bulge area;
and e) SEM micrograph of cross-section of bulges.
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Figure 3.8. Optical images and SEM micrographs of the surface of lines printed at 95°C
using the YWP ink and then fired at 1200°C for 1 h. a) the optical image of one isolated
drop with ~120 nm height; b) the SEM micrograph of the surface of a); c) the optical
image of lines of ~200 nm height; d) the SEM micrograph of the surface of c).
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Figure 3.9. Optical images and SEM micrographs of the surface of lines printed at
40°C using the YEWP ink and then fired at 1200°C for 1 h. a) the optical image of
isolated drops with ~120nm height; b) the SEM image of the surface of a); c) the
optical image of lines with ~200nm height; d) the SEM image of the surface of c);
e) the optical image of lines with ~300nm height; f) the SEM micrograph of the
surface of e).
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3.3.4 The relation between line stability, line thickness, cracking and pores
Dense and crack-free lines are desired for inkjet-printed scintillating and other functional
devices. Generally, the critical thickness, above which the sol-gel deposition will have cracks, is
less than 100 nm [67]. In this work, the lines printed using the YW ink showed severe cracking in
regions where the thickness is ~120 nm after firing, as shown in Figure 3.5. PVP is a stress
relaxation agent that can greatly increase the critical thickness of ceramic layers prepared by solgel deposition [67, 76]. Since PVP is not present during sintering, the most likely reason for this
observation is that the incipient cracks are formed during drying and these cracks grow during
sintering. PVP prevents the formation of incipient cracks. We obtained crack-free drops with
thickness ~120 nm after the addition of PVP to the inks, as shown in Figure 3.6 a and Figure 3.8
a.
Surface wrinkling was only observed on the lines printed using the YWP ink at 95°C. This
phenomenon has been observed in the drying process of polymer solutions [86-88]. The surface
wrinkling is caused by the failure of a structural member of a system subjected to compressive
stress, and in this case, the wrinkling can be triggered by the mechanical instability in a hard shellsoft core structure [88]. It is speculated that at 95 °C the evaporation rate was so high that the outer
layer of the lines became hard while the core remained soft. The pores observed on the buckled
surface were possibly caused by gas effusion during the fast solvent evaporation. Consequently, it
is not possible to have stable, dense and crack-free lines printed using the YWP ink. On the other
hand, lines printed using the YWEP ink can be stable at 40°C without buckling.
Line stability also influences the thickness of the printed lines. For unstable lines, the
thickness at the bulges was much greater than that at the bridges between them. A typical example
is shown in Figure 3.10, where the thickness at the bulges was about three times thicker than that
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at the bridges. For stable lines, the thickness was uniform. Table 3.3 shows the thickness of printed
lines using the YWP and the YWEP inks at different positions. The line thickness at the bulges
was about ~200-300 nm. The thickness of the bridges between bulges was ~100 nm. When lines
are stable, thickness depended on drop spacing, with lower drop spacing resulting in larger
thickness, as summarized in Table 3.3.

Figure 3.10. An unstable track printed using YWEP ink. Substrate was at room temperature
and drop spacing 𝑝 = 5 μm.
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Table 3.3 The height of printed lines using the YWP and the YWEP inks at different positions
Height of the lines using Height of the lines using
Position within lines

At the bulges

the YWP ink

the YWEP ink

~300 nm

~200-300 nm

~90-100 nm

~90-100 nm

At the bridges
between bulges
For drop spacing of 50 μm: ~200 nm
Stable lines
For drop spacing of 25 μm: ~300 nm

3.3.5 Crystallinity
DTA and TGA curves are shown in Figure 3.11 a. The endothermic peaks from 100 to
300 °C in the DTA curve correspond to the evaporation of absorbed solvents and decomposition
of low molecular weight polymers. The major decomposition occurred within 300 to 450 °C and
was due to the elimination of alkoxy and nitrate [89]. The exothermic peak at 920 °C was attributed
to the crystallization of YAG. The DTA results were consistent with the XRD results shown in
Figure 3.11 b. The powder remained amorphous for firing temperatures below 1000 °C and
showed crystalline YAG phase for temperatures above 1000°C. No intermediate phases, such as
such as YAlO3 (YAP) or Y4Al2O9 (YAM) were observed from 800 °C to 1200 °C. These impurity
phases are undesirable for efficient luminescence and should be avoided [90].
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a)

b)

Figure 3.11. a) DTA and TGA traces of YAG sol-gel powder and b) the XRD
spectrum of YAG after firing at different temperature

3.3.6 Luminescence
The application of direct inkjet printing to fabricate miniaturized scintillating devices based
on YAG requires luminescence activation, commonly with a rare earth. In order to demonstrate
that rare-earth based luminescent materials can be fabricated by this method, YAG was activated
with Er. Further, in order to evaluate how materials prepared by this method respond to the
variation of the activator concentration, YAG was prepared with different amounts of the activator.
Luminescence was characterized by means of photoluminescence and radioluminescence
measurements. These measurements revealed well-defined emission lines corresponding to Er3+
4f-4f transitions. Photoluminescence spectra of YAG:Er3+ powder heat-treated at 1200 °C for 1 h
obtained under the same experimental conditions are shown in Figure 3.12 a) for different Er
doping concentrations. A series of well-defined emission lines from 510 to 580 nm originated in
the 2H11/2  4I15/2, 4S3/2  4I15/2, and 2H9/2  4I13/2 transitions [91, 92] were observed together with
another series of weaker lines between 630 and 690 nm assigned to the 4F9/2  4I15/2 transition[92].
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The overall photoluminescence intensity of the green emission was estimated by integrating the
intensity from 500 to 600 nm. It was found that 2 wt.% Er optimized photoluminescence, with
further increase in the Er concentration resulting in intensity decrease due to concentration
quenching [93] (Figure 3.12b). Scintillation was evaluated under X-ray excitation for this
particular composition (Figure 3.13). The radioluminescence spectrum was dominated by
transitions 2P3/2  4I13/2 and 2P3/2  4I11/2 at 398 and 467 nm[93], respectively, that match the
maximum detection efficiency of photomultiplier tubes. A broad band within about 300-450 nm
was ascribed to the combined contribution of the 2P3/2  4I15/2 transition at 315 nm with the
emission of several luminescent defects of the host. Emission at 295 nm is from the recombination
of localized excitons at anti-site defects, emission at 260 nm from self-trapped excitons, at around
320-330 nm from YAl antisite defects, at around 400 nm from F+ centers, and at around 460 nm
from F centers [93-97]. Similar host emission has been reported previously in the literature [9497]. These results confirmed that YAG produced by this method can be activated by rare earths to
produce efficient luminescence.

a)

b)

Figure 3.12. a) PL spectra of YAG:Er powders with different Er concentrations heat
treated at 1200 °C. b) Integrated PL intensity as a function of Er concentration.

50

Figure 3.13. Radioluminescence spectrum of YAG:Er powders doped with 2 wt.% heat treated at
1200 °C. The electronic transitions of the main emission lines are shown.
3.4 Conclusions
The goal of this work was to achieve proof-of-concept of the fabrication of rare earth
activated miniaturized scintillators based on YAG using the direct inkjet printing method as a first
step toward fabricating scintillators with complex geometries. The direct inkjet printability of
YAG:Er luminescent lines using sol-gel precursor was investigated for the first time. It was found
that line stability was improved by heating the substrates. No stable lines were obtained at 25°C
and stable printing condition windows were obtained at 95°C for water-based YAG inks and at
40°C for the water-ethanol-based YAG ink. The line thickness was influenced by the stability of
the printed lines and the drop spacing. Bulges in unstable lines had a larger thickness (~300 nm)
and led to cracks and pores. Lines with a thickness of ~200 nm printed using YWEP ink were
dense and crack-free. YAG:Er3+ prepared by the proposed sol-gel method and fired at 1200oC
showed well-defined luminescence lines in the ultra-violet and visible regions, demonstrating the
luminescence activation of the YAG host with rare-earths.
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CHAPTER IV
4FABRICATING CERAMICS WITH EMBEDDED MICROCHANNELS USING AN
INTEGRATED ADDITIVE MANUFACTURING AND LASER MACHINING METHOD
4.1 Introduction
The microchannel structures have been widely used for fuel cells[98, 99], microreactors[29, 100, 101], heat exchangers or heat sinks[28, 102, 103], and microfluidic devices[104,
105]. The microchannels can introduce a high surface-area/volume ratio macro-channels. With
fluids passing through the microchannels, mass and heat transfer rates are greatly improved
compared to macro channel structures due to the high surface area [29, 106-108]. As an example,
there is growing interest in using a compact heat exchanger to recover the thermal energy from the
exhausted gas stream to improve the thermal efficiency[102, 103]. High thermal and chemical
stabilities are the requirements for the microchannel reactors. The working temperature limit of
steels is typically around 850°C but for high efficiency, the expected working temperature for the
heat exchangers is often higher, normally greater than 1100°C [102, 103]. In addition, the
exhausted gas stream often contains corrosive components such as oxygen, carbon, and sulfur[28].
The corrosion will exacerbate under high temperature. Due to their thermal and chemical stabilities
[109-111], ceramics are the desired material for these applications in high temperature and highly
corrosive environments. In addition to heat exchanges, the microchannel structures in ceramics
have been explored for many important chemical reactions, such as methane reforming[30, 107],
ethanol reforming[112], and fuel cells[113]. These reactors are required to have a large reaction
surface and work at high temperatures and under an oxidative/reducing environment[114]. Thus
the ceramics with embedded microchannels are ideal for both high-temperature heat exchangers
and micro-reactors.
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Typically, the ceramic parts with embedded microchannels have been fabricated by first
opening microchannels and then covering them with additional ceramics. These openings can be
fabricated using several methods, such as mold embossing[112], lithography[114] and laser
machining[102]. After fabrication, the openings have to be covered using sealing[29, 112, 114] or
joining[102, 103] methods. Besides the challenge of pressure-tightness[103, 114], sealants may
not be able to survive the harsh operating environments[103].
The state-of-the-art method of fabricating microchannels within ceramics is to stack
laminated and patterned ceramic green tapes to obtain a bulk with embedded microchannels [29,
115-119]. The most successful example of this method is based on the low temperature co-fired
ceramics (LTCC). The LTCC green tapes were made of a mixture of alumina, glass and polymer
binders. Because of the high polymer content (26 – 49 vol.%) [119], LTCC green tapes can be
easily machined using serval methods, such as mechanical drilling[120], punching[121], hot
embossing[122] or laser machining [118, 119, 123]. The machined tapes were then stacked and
fired under uniaxial stress at around 800°C. During this process, the polymer was burned out and
the low-melting-temperature glass in LTCC softened and filled the pores and gaps between layers
[117].
This method has encountered some challenges. First, high glass content is a must, which
disallows the fabrication of many high-temperature ceramics or functional ceramics. Second, the
microchannels in LTCC often suffered non-uniform shrinkage or deformation due to uniaxial
pressure during sintering [105, 123, 124]. In some extreme cases, the microchannels collapsed and
the layers around the microchannels suffered delamination[105, 123, 124]. Furthermore, the
alignment of layers is also a challenge. Location pins have been used to align multiple layers[125]
thus extra holes for the location pins are necessary. Alignment using location pins also requires
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green layers to have the good mechanical strength for handling, and consequently, high content of
polymers is required in LTCC for this approach to fabricate structures with microchannels[119].
In this paper, an innovative method of fabricating flexible 3D microchannels within bulk
ceramics with complicated geometries has been demonstrated. This method is enabled by
integrating additive manufacturing (AM) and laser machining. To our knowledge, this paper
represents the first attempt of such integration. The method allows excellent microchannel
geometry preservation during processing, as well as low-polymer and glass-free ceramic pastes.
The extrusion freeforming (EFF) method has been used to generate ceramic green parts with
complicated geometries layer-by-layer, for fabrication of ceramics such as alumina[9, 126],
zirconia[14] and La(Mg0.5, Ti0.5)O3[126]. The EFF also provides the capability to fabricate two or
more components in one layer using multiple extruders[11, 127]. The layers deposited can be
easily bound to each other before the paste completely dried so that delamination is less likely to
be a problem. Compared with the LTCC method, the polymer contents can be significantly
lowered because the layers are no longer required to be free-standing. The laser machining is used
in this study to fabricate the microchannels. This method is powerful in fabricating complex
geometry with high resolution and precision[116] and can be applied to soft or brittle materials[38].
The green parts produced using this method can be pressurelessly sintered, so that the
microchannels undergo uniform shrinkage, preserving the complex microchannel structures.
4.2 Experimental Procedure
The overall strategy of fabricating microchannels within ceramics using the integrated AM
and laser machining method is shown in Figure 4.1. The ceramic paste was extruded and deposited
layer-by-layer. Picosecond laser was used to fabricate horizontal or vertical microchannels on the
layers. After the in-plane microchannels were fabricated, cover layers were extruded and deposited
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to cover the laser-machined layer. The ceramic parts with embedded microchannels were then
fired in the furnace to achieve the desired density.

Figure 4.1 The schematic approach to fabricate microchannels on ceramics using the
integrated AM and laser machining method.

The paste formulation for extrusion was optimized to have the needed rheological
properties. For the final formulation, 79.1 wt.% Al2O3 powder (A152SG, Almatis, PA, d50 = 1.2
μm) and 0.1 wt.% dispersant (Darvan 821A, Vanderbilt Minerals, CT, USA) was mixed with 20.0
wt.% DI water. The suspension was ball-milled for 48 hours and then 0.8 wt.% binder
(hydroxypropyl)methyl cellulose (HPMC, Alfa Aesar, MA, USA) was added slowly. The mixture
was mechanically blended for 1 hour to the obtain alumina paste. The viscosity of the paste was
measured using a rotational viscometer (ViscoLead Adv R, Fungilab, Barcelona, Spain).
A cavity pump (preeFlow eco-PEN 300, ViscoTec, Germany) with attached needles was
used as the extruder and was mounted on a three-axis stage and controlled by our customized
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software. The paste was stored in a syringe and fed to the extruder under air pressure. Needles with
an inner diameter of 0.5 mm were used in this research.

Figure 4.2 An example of extruded ceramic green body.

Each layer was dried using a CO2 laser (firestar v20, wavelength 10.6 μm, SYNRAD, Inc.,
WA) after deposition to quickly solidify the paste. The laser power was set as 1.2 W with a spot
size of about 1mm (1/e2 diameter). For this laser at this power, no densification takes place. The
layer was scanned line by line with a line spacing of 0.015 mm and a scanning speed of 75 mm/s.
Figure 4.2 is an example of an extruded ceramic green body using this approach.
After drying, microchannels were fabricated using a picosecond laser (Olive-1064-10,
Attodyne, Inc. Toronto, Canada) with a wavelength of 1064 nm. The laser beam was focused using
a 5× lens (NA = 0.13). The spot size was ~18 μm at the focal point. The repetition rate of the laser
was set at 100 kHz. The energy per pulse was 40 μJ at 100% output. To fabricate a microchannel,
the laser beam was scanned line by line with a line spacing of 15 μm at the speed of 50 mm/s. The
focus plane of the laser beam was moved 50 μm in z-axis after every 8 scans.
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The extruded samples with the microchannels were pressurelessly sintered in a furnace at
the heating rate of 2.5°C/min to 500°C for 1 h (for binder burnout) and then 5°C /min to 1600°C
for 1 h. The density of the sintered sample was measured using the Archimedes method.
The microstructures were characterized using an optical microscope (Olympus BX60,
Olympus, Tokyo, Japan) and a scanning electron microscope (SEM, Hitachi S4800, Hitachi, Ltd.,
Tokyo, Japan).
4.3 Results and Discussion
4.3.1 The Cross-section of Microchannels
We observed very uniform cross-sections along the microchannels. These cross-sections were not
filled with the extruded cover-layer. The microchannels were also clear-through without any
blockage. The bonding between layers was excellent and we did not observe any delamination or
other microstructural evidence of the layer boundary between layers after firing. The clean
microchannel and good bonding between layers were probably due to the correct rheology
properties of the paste which will be discussed in section 3.5. The PS-laser can efficiently fabricate
in-plane channels with sintered cross-section sizes from ~30 × 100 µm2 to ~400 × 550 µm2, as
shown in Figure 4.3. The minimum cross-section width of the microchannels was essentially
limited by the laser spot size. Although the beam size of the PS-laser was about 18 μm, a
microchannel fabricated from a single beam line had an opening, in the green state, of about 50
μm. Figure 4.3 a) showed the microchannel fabricated using a single beam line after firing. This
is probably because the interactions between laser and green paste lead to a larger affected area on
the paste. Besides the machining mechanism for dense material (e.g. vaporization, dissociation
and ablation[128, 129]), the gas generated due to polymer burn-out plays an important role in laser
machining of green paste[119, 130]. Due to the weak bonding between ceramic particles in the
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green paste, the shock wave[131] and plasma[132] during laser machining may also directly blow
out the powder debris from the paste.

Figure 4.3. The cross-sections of microchannels within bulk extruded alumina after heattreatment at 1600°C for 1 h: a) top-width: ~30 μm; b) top-width: ~400 μm.

The cross-sections of the microchannels were in general of triangle or trapezoid shapes. The
trapezoid cross-section is often seen in laser-cutting because when the focal point of the laser beam
moved from the surface to the inside, the beam itself will be partially blocked or scattered by the
edge of the opening. Thus, less material can be removed at the edges as the focal point moves
inside. This mechanism is, schematically, illustrated in Figure 4.4.
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Figure 4.4. The mechanism of the trapezoid shape of the channels: a) when the focal point

was far from the edge, the laser beam can focus in the focal point without blockage; b) when
the focal point was near to the edge, some part of the laser beam was blocked or scattered by
the wall of the channel and thus the laser power at the focal point was weakened.
After firing the density of the alumina ceramic with microchannels reached ~94%. Since
the walls of the microchannels were fabricated using PS-laser, it is important to understand
whether the laser machining would alter the microstructure of the wall surface after sintering. As
can be seen from the Figure 5, the surface of the wall (Figure 4.5 a) did not have any observable
difference compared to the fractured cross-section surface of bulk alumina (Figure 4.5 b).

Figure 4.5. The SEM micrographs of the sintered alumina part: a) the surface of the
wall of a microchannel; b) the fractured surface. cross-section.
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4.3.2 The Integration of Additive Manufacturing and Laser Machining
There were two main concerns in the fabrication of flexible microchannels using the
integrated additive manufacturing and in-plane laser machining method. The first concern was
whether the laser machining would introduce stress that leads to cracks around the microchannels
and consequently cause microchannels to distort or collapse during firing. The second concern was
whether the bonding between layers could be damaged when the laser machining crossed multiple
extruded layers. Our study shows that using correct extrusion paste and laser machining parameters,
the above potential defects can be avoided. Figure 4.6 shows the cross-section of microchannels
fired at 1600°C for 1 h with a top-width of 100 μm and 200 μm. As can be seen in Figure 6, the
microchannels did not collapse. This indicated that the stress during PS-laser machining was not
significant enough to cause the distortion or collapse during firing, even though the thermal stress
during laser machining has been a concern in many studies [133-136]. This is probably due to the
weak bonding between ceramic particles and consequent ease of PS-laser machining on the green
extruded part.
When the laser machining depth exceeded the height of one extrusion layer, the question
that we were trying to answer was whether the bonding between the layers would be compromised
due to laser machining. From Figure 4.6, we did not see any effects of multilayer extrusion on the
cross-sections of the microchannels. The layers remained well bonded even when the
microchannels were fabricated very close to each other, e.g. ~150 µm apart. This observation
minimizes the risk of delamination when operating high-pressure fluids in these microchannels.
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Figure 4.6. The SEM micrographs of microchannels with high aspect ratio within bulk
alumina fired at 1600°C for 1h: a) cutting width: 100 μm; b) cutting width: 200 μm.

4.3.3 Geometry Flexibility
To achieve a higher surface area to volume ratio, one would like to introduce as many
microchannels in a certain volume as possible. However, the thinner wall thickness between
neighboring microchannels is, the higher is the risk of the wall collapsing during machining or
firing. The microchannels with different spacing distances were fabricated and examined as shown
in Figure 4.7. The result demonstrated microchannels of a top-width of ~70 μm can be as close as
130 μm with a wall thickness of 60 μm. The walls did not collapse during laser machining, firing
and later sample cutting. When the wall thickness was less than 60 μm, sometimes we observed
that the wall could collapse after laser machining or firing. As can be seen in Figure 4.6 and Figure
4.7, in some cases, we observe burs on the walls of the microchannels. The origin and ways to
eliminate them are one of the foci of ongoing research.
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Figure 4.7. The SEM micrographs of microchannels: a) microchannels with different
spacing; b) higher magnification of (a) showing a well preserved wall between two
neighboring microchannels with a center-to-center spacing of 130 μm.

Besides straight microchannels, microchannels with more complex geometry can also be
fabricated using our method. Heat transfer performance increases with more sinuous
microchannels[137]. The sinuous microchannels can generate a secondary flow when fluids pass
through them and thus enhance the mixing of the fluids and the heat transfer[137, 138]. Figure 4.8
a) shows a sinuous microchannel with a cutting width of 200 μm fabricated on one extruded layer.
The radius of the curve is ~450 µm. The channel’s shape is flexible using the method present in
this paper. A triangle-wave microchannel was also produced (Figure 4.8 b). More complex 2D
microchannels often involve networks with intersecting microchannels. Figure 4.8 c) shows a
microchannel network fabricated using several microchannels with a cutting width ranging from
50 μm to 200 μm. Very clear connections between microchannels can be seen. A “tiger paw”
(similar to the one used on Clemson University logo) in Figure 4.8 d) shows the capability of our
method to obtain complex microchannels with non-constant curvatures and multiple connections.
As can be seen from the high-resolution SEM image in Figure 4.8 e), the channels were clear and
even the sharp edges were preserved.
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Figure 4.8. Optical images of a) a sinuous channel; b) a triangle channel; c) a
microchannel network; d) a SEM micrograph of a tiger paw; e) a SEM micrograph of d)
showed that sharp features were preserved. All samples were fired at 1600°C for 1 h.

Vertical or tilted microchannels are necessary for building 3D complex microchannel
networks to connect microchannels in different layers. Our method can easily fabricate vertical
microchannels by drilling holes at same positions on each layer. Figure 4.9 a) shows a top view of
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a vertical microchannel with a cutting diameter of 200 μm after firing. The cross-section of the
microchannel is shown in Figure 4.9 b). Note that the layer thickness was less than 400 μm after
firing, Figure 4.9 b) included at least two layers. It can be found that the wall of the microchannel
was smooth at the layer boundary without any steps.

Figure 4.9. The SEM micrographs of the vertical channels of alumina fired at
1600°C: a) top view; b) cross-sectional view.

4.3.4 Shrinkage During Firing
Compared to the layer stacking method to fabricate microchannels, our method only needs
any pressureless sintering. Using pressureless sintering, for our samples, a relative density of ~94%
was achieved. As a result of pressureless sintering, the shrinkage was uniform and the laser
machined geometry was preserved. Four vertical microchannels with a cutting diameter of 200 μm
were fabricated to understand the in-plane shape and spatial distribution change after firing (Figure
4.10). The eccentricity 𝑒 = 𝐷𝑚𝑎𝑥 /𝐷𝑚𝑖𝑛 was used to measure the roundness of the microchannel
cross-section, where 𝐷𝑚𝑎𝑥 is the maximum diameter of the microchannel and 𝐷𝑚𝑖𝑛 is the
minimum diameter of the microchannel. Table 1 showed the diameter and eccentricity of the four
microchannels. The changes of the eccentricity before and after firing were within 0.02. The
distance between 1,2 and 3,4 reduced 16% after firing while the distance between 1,3 and 2,4
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reduced 15%. This showed that the relative position between the microchannels was preserved
after firing. A fabricated tiger paw pattern before and after firing shown in Figure 4.11 provided a
more straightforward view of the uniform shrinkage. Figure 4.11 b) can be perfectly overlapped
on Figure 4.11 a) by enlarging it by ~17%, which indicates that the complex shape is preserved
without distortion. To compare the in-layer shrinkage and out-of-layer shrinkage, the shrinkage of
the horizontal microchannel width and depth were measured for microchannels with a cutting
width from 100 to 500 μm. It showed that the shrinkage of width after firing is 16% ± 1% and the
shrinkage of depth is 17% ± 1%. The shrinkage in width and depth were close, so the aspect ratio
can also be preserved after firing.

Figure 4.10. Top view of vertical channels of alumina: a) before fireing; b) after firing.
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Table 4.1. Diameter and eccentricity of vertical microchannels in Figure 4.10.
1

2

3

4

Before

After

Before

After

Before

After

Before

After

𝐷𝑚𝑎𝑥 / μm

237

194

228

190

237

194

220

189

𝐷𝑚𝑖𝑛 / μm

214

177

216

179

207

170

208

177

𝑒 = 𝐷𝑚𝑎𝑥 /𝐷𝑚𝑖𝑛

1.107

1.096

1.056

1.061

1.145

1.141

1.058

1.068

Figure 4.11. Top view of the pattern of the “tiger paw” on alumina: a) before and
b) after firing.

4.3.5 Bonding between Layers
Normally one of the challenges in the line-by-line extrusion of ceramic filaments is that
there are small gaps between adjacent filament if the flowability of the paste is not good enough.
In this study, we intentionally used the alumina pastes that have relatively high viscosity. This is
because we need to prevent the top layer paste from sagging into the microchannels. To solve this
challenge of potential gaps between adjacent filaments, we use the extrusion needle tip to press
the paste during extrusion, as shown in Figure 4.12. In this setup, the extruded filament was pressed
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by the needle tip because the spacing between needle and substrate is smaller than the filament
diameter. This technique has been studied previously in detail by other researchers [9]. Using this
technique, a sufficient feeding rate of the paste is required to fill the space between the needle tip
and the substrate. Assuming that the cross-section of the filaments is rectangular, the estimated
line width from the volume conservation is:

𝑑=

𝑄
𝑣ℎ

(4.1)

where ℎ is the distance between the needle tip and the substrate; 𝑑 is the line width; Q is the
feeding rate of the paste; and 𝑣 is the translation speed of the substrate. If the filament width is
smaller than the inner diameter of the needle tip, the paste will not be able to fully fill the gaps
between the needle tip and the substrate. As a result, we will obtain non-uniform filament. This
scenario is shown in Figure 4.12 a). Another scenario, as shown in Figure 4.12 b), is that filament
width 𝑑 is larger than the inner diameter, but smaller than the outer diameter of the needle tip. For
this situation, the filament can be pressed by the needle and a trapezoid cross-section is often
observed (Figure 4.12 e). If 𝑑 is greater than the outer diameter of the needle (Figure 4.12 c), the
excessive paste will overflow and be dragged by the needle outer surface during extrusion. This
will result in a larger thickness of the deposited filament than the distance between the needle tip
and the substrate, as shown in Figure 4.12 f), so the equation (4.1) is not applicable to this scenario.
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Figure 4.12. The schematic drawing showing three scenarios during the extrusion with needle
flattening the top of the surface: the line width is a) smaller than the inner diameter of the
needle; b) between the inner and outer diameter of the needle; c) greater than the outer
diameter of the needle. e) a typical optical image of the cross-section view of the filament at
scenario b; f) a typical optical image of the cross-section view of the filament at scenario c.

We can squeeze the filament paste to fill the gap between two adjacent filaments by
adjusting the filament spacing. This strategy is illustrated in Figure 4.13. When we extrude a
filament adjacent to another, the filament width is set between the inner and outer diameter of the
needle tip. The two dashed rectangles in Figure 4.13 represent the theoretical cross-sectional area
of the filaments based on equation (4.1) that needs to be filled. When the line spacing between the
adjacent filaments is equal or slightly smaller than 𝑑 calculated from equation (4.1), the paste was
squeezed and forced to fill the gap between filaments due to the spatial confinement. Using this
strategy, we can use paste with high viscosity to obtain parts without gaps between adjacent
filaments.
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In our research, the paste flow rate was fixed at 0.22 mL/min and the needle-substrate
distance was fixed at 0.4 mm. The stage moving speed was set at 12 mm/s and thus the line width
was estimated as 0.76 mm. The line width is between the inner diameter and the outer diameter of
the needle (0.51 mm and 0.82 mm respectively). To guarantee the gaps were fully filled between
filaments, we set the filament spacing as 0.73 mm, slightly smaller than the line width. The top
view of the fired alumina parts is shown in Figure 4.14. A flat surface without any observable gap
between filaments was obtained. The cross-section view, as shown in Figure 4.6, also confirms
that no gap was left between filaments and layers.

Figure 4.13. The schematic drawing showing the strategy to
eliminate gaps between adjacent filaments.
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Figure 4.14. Top view of the surface of the fired alumina part.

Even though we prefer the paste to have high viscosity, paste needs to have certain
flowability. As shown in Figure 4.12 e), the cross-section of the filaments was not perfectly
rectangular, so the paste has to be deformed and forced to flow to fill the gaps between filaments.
Paste with low viscosity will easily fill the gaps between layers and thus enhance the bonding
between the layers. But low viscosity also caused the paste to sage during drying. Paste with high
viscosity helps to retain the shape of the extruded parts [15, 48], but lower the bonding between
layers. An optimal paste viscosity is needed to balance the flowability and the microchannel shape
retention. The viscosity of the pastes, as a function of the shear rate, with a different weight percent
of HPMC is shown in Figure 4.15. The paste with 1.0 wt.% HPMC was too viscous that leads to
pores between filaments and weak bonding between layers. The pastes with 0.4 - 0.6 wt.% HPMC
were too fluid to hold the shape during drying. The pastes with 0.8 wt.% HPMC was chosen for
this research because it provided good bonding between layers and also ensured microchannel
shape retention during drying and firing.
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Figure 4.15. The viscosity of alumina paste versus shear rate.

4.3.6 The Relation between Parameters of Laser Machining and Geometry of Microchannels
To successfully fabricate microchannels on paste layers, one needs to carefully select the
parameters during laser machining. The machining procedure is shown in Figure 4.16. To fabricate
a microchannel, the laser was first focused on the surface and scanned line by line for the given
patterns. Then the focus point of the laser beam moved one step down and the laser scanned again.
This process repeated until desired depth was achieved. The overlap between lines needs to be
smaller than the minimum opening to efficiently remove the extruded material. Consequently, the
depth step of the laser focal point should be smaller than the material removal depth after each cut.
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Figure 4.16. The laser machining procedure (cross-section view). a) material is removed by
laser scanning line-by-line, light blue indicates the affected zone of each laser beam and
orange indicates the overlapped area. b) the focal point of the laser beam moved one step.

As discussed in 4.3.2, the cross-sections of the microchannels were in general of triangle
or trapezoid shapes due to the blockage of the laser beam at the top edges. The aspect ratio (i.e.
the channel’s top-depth over width) is used to describe the sharpness of the triangle or trapezoid.
The maximum possible aspect ratio of the microchannels depends on the way the laser beam was
focused. For laser machining using a Gaussian beam, the maximum possible aspect ratio
approximates to the reciprocal of the numerical aperture (NA) of the lens[139]. In this research,
the 5× lens with the NA of 0.13 was used, so the estimated aspect ratio limit of microchannel
fabricated using the lens was about 8. The average width and depth of the channels in Figure 4.6
a) were 72 ± 5 μm and 762 ± 43 μm respectively, leading to the aspect ratio of about 10, which is
close to the limit.
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The bottom shape of the microchannel was related to the aspect ratio of the channel. A
sharp bottom was obtained when the depth was approaching the maximum possible depth, (i.e. the
aspect ratio of microchannels was approaching ~10), as shown in Figure 4.3 b), Figure 4.6 and
Figure 4.7. This is because the beam was partially blocked or scattered at the edge of
microchannels when the channel depth was close to the aspect ratio limit. If the aspect ratio of
microchannels was much smaller than the limit, the bottom was still flat. However, the bottom was
rough because the bottom was machined line by line. Figure 4.3 b) showed a typical bottom when
the aspect ratio was ~1. Further laser polishing after machining or chemical etching after firing
may be the solution to obtain smooth bottom of the microchannels.
Laser power is an important parameter that controls the cutting rate. Generally, higher
power results in deeper channels with the same number of the repeated scan, as shown in Figure
4.17 a). However, we noticed that high laser power not only provided higher material removal rate
but also introduced more flank damage at the edges of the microchannels. Figure 4.17 b) shows a
sinuous microchannel fabricated using the same parameters as Figure 4.8 a) except at a laser power
of 40 μJ. Compared to the microchannel fabricated with a laser power of 20 μJ (Figure 8 a), rough
edges of the microchannel in Figure 4.17 b) were observed. Therefore, one needs to balance the
laser machining efficiency with the pattern quality. In our case, a laser power of 20 μJ was optimal
to fabricate complex geometries at a reasonable speed without damaging the edge.
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Figure 4.17 The effect of laser power on microchannel: (A) the cutting depth changed with laser
power; the number of repeats was 60; (B) a sinuous microchannel fabricated using a laser power
of 40 μJ showing damage due to high laser power.
4.4 Conclusion
An integrated additive manufacturing and in-plane laser machining method has been
demonstrated for fabrication of flexibly-embedded microchannels in bulk ceramics with
complicated geometries. Embedded microchannels with the cross-section sizes from ~30 × 100
µm2 to ~400 × 550 µm2 were fabricated in bulk alumina. The wall between neighboring channels
can be as thin as ~60 µm without any observable defects after the ceramic was pressurelessly
sintered to a density of 94%. The paste viscosity was optimized to ensure that the cover layer did
not sag into the microchannels. Under optimized paste extrusion and laser machining conditions,
the microchannels were not distorted or collapsed after laser machining and firing. Sinuous
channels, channel networks, and patterns were fabricated using this method. Vertical channels can
also be drilled by laser machining with uniform diameters.
It is important to fabricate the ceramic paste with a suitable viscosity. In this study, the
viscosity of the paste needs to be sufficiently high to prevent sagging of the cover layer into the
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microchannel. At the same time, the viscosity cannot be too high and certain flowability is
important for extrusion and bonding between layers. To eliminate the gaps between two adjacent
filaments, we controlled the spacing between the filaments and the distance between needle tip
and substrate, so as to squeeze the paste to fill the gaps during extrusion.
The microchannels after pressureless sintering had an approximately uniform linear
shrinkage of ~15 - 17% in all directions, so the shapes and spatial distribution of the microchannels
was preserved. A paste with 0.8 wt.% HPMC binder was optimal to obtain good bonding between
layers and maintain the microchannel shape during extrusion. The bottom shape of the
microchannels was related to the aspect ratio of the channels. Laser power was important to
preserve the edges of microchannels with complex geometry. Cutting using a laser power of 40 μJ
introduced severe damage at the edges and the damage was avoided using a laser power of 20 μJ.
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CHAPTER V
5FABRICATING BACO0.4FE0.4ZR0.1Y0.1O3-δ CERAMIC WITH INTEGRATED
MEMBRANES FOR GAS SEPARATION
5.1 Introduction
The use of membranes for gas separation is growing because it provides an economic and
reliable way to separate the gas [140]. Compared to polymer membrane, the ceramic membrane
can operate in much higher temperature and corrosive environments. Moreover, the existing of
heavy hydrocarbons in the gas stream is a problem for the polymer membrane because the polymer
membrane will react with the hydrocarbons and become damaged [140]. Ceramic membrane is
one of the solutions for such problems. Compared to other types of the ceramic membrane that are
driven by electricity or pressure, mixed oxygen ion and electron conducting ceramics membrane
(MIECM) allows the oxygen diffuses through the membrane as ion driven by the partial pressure
differences of oxygen at elevated temperature [141, 142]. So MIECM can operate in a more
energy-saving way and thus is suitable for large-scale industrial production. One of the
applications is the partial oxidation of methane. The partial oxidation of methane requires pure
oxygen as oxidant so the costly oxygen plants are often used. Using ceramic membrane for oxygen
separation can use the air as the oxidant without worrying about the impurity of nitrogen or NOx
and the cost of expansive oxygen plants can be saved [143, 144].
Due to the difficulties in conventional pressing and sintering method, most ceramic
separation membranes were in a disk-shaped geometry with a limited surface area per volume
[144-150]. In industry, hollow fiber modules were used for polymer membranes to have high
surface area per volume [151]. In this design, one kind of gas pass through the outside and the
other pass through inside of the hollow fiber. To obtain ceramic hollow fibers, the phase-inversion
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spinning technique was developed [145, 152-154]. The hollow fiber fabricated using this method
showed an asymmetric structure: dense and skin surface layer with porous bulk. Sometimes, the
surface was not gas-tight and the additional coating was necessary to seal the wall [152]. To
provide enough mechanical strength of the fiber, the outer diameter of the ceramic hollow fiber
was often several millimeters and the wall thickness was round several hundred micrometers.
However, the hollow fiber module prefers fiber bundles rather than a single fiber to maximize the
membrane surface area per volume[151]. This requires a design to provide every single fiber the
high-temperature support and sealing for a low environment [151, 155], which might be expensive.
As discussed in Chapter IV, bulk ceramics with embedded complex 3D microchannels can
be fabricated using our integrated additive manufacturing and laser machining method. This
enables us to design a novel structure for compact membrane gas separator if we take the advantage
of the wall between neighboring channels as the membrane. This technique can easily embed
multiple 3D channels in one bulk with supporting structure thus will not only increase the surface
to volume ratio of the membrane in bulk but also integrated the membrane and support as a whole.
With a correct design, it is possible to directly fabricate a compact but complete gas separator with
minimal support and sealing.
In this chapter, we demonstrate the feasibility to have a bulk ceramic with integrated
ceramic membrane for gas separation using the integrated additive manufacturing and laser
machining method.
The BaCo0.4Fe0.4Zr0.1Y0.1O3−δ (BCFZY0.1) was chosen as the material of interest. This
material was developed by heavily doped cobalt and iron to the B site of BaZrxY1-xO3-δ [39].
BCFZY0.1 exhibits proton, oxygen-ion and electron-hole conductivity simultaneously. Due to this
“triple conductivity”, BCFZY0.1 was reported to have excellent performance as a cathode material
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for both solid-oxide fuel cells and protonic ceramic fuel cells below 500°C [156]. The proton and
oxygen-ion conductivity also make the BCFZY0.1 a promising candidate not only for oxygen
separation also for hydrogen separation. Previous research using BCFZY0.1 as cathode material
thus only fired the green body below 1000°C to obtain porous ceramic [39, 156]. In our research,
dense ceramic is a must to have oxygen permiselectivity [145], because the porous membrane may
allow the diffusion of other species in the gas.
5.2 Experimental Procedure
The overall strategy of fabricating microchannels within ceramics using the integrated AM
and laser machining method has been discussed in Chapter IV in detail. The bulk ceramic green
body was fabricated using the extrusion method. At the certain desired layer during extrusion, a
picosecond laser was introduced to fabricate in-plane microchannels in the extruded BCFZY0.1
green body. After the microchannels were fabricated, cover layers were then extruded.
For each batch, the BCFZY0.1 green powder for solid-state reactive sintering (SSRS) was
prepared by ball milling 45.65 g BaCO3 powder, 55.71 g Co3O4 powder, 36.95 g Fe2O3 powder,
28.51 g ZrO2 powder, 52.25 g Y2O3 powder in isopropanol for 24 h. The powder was then dried
and mixed with 41.92g H2O, 5.86g glycerol and 2.4g Darven 821A (Vanderbilt Minerals,
Gouverneur, NY, USA). The suspension was ball-milled again for another 48 h. Then 0.93g
(hydroxypropyl)methyl cellulose (HPMC, Alfa Aesar, MA, USA) was added into the suspension
slowly and mechanically blended for 30min using a vacuum mixer to obtain the paste.
The paste was stored in a syringe and was fed to the volumetric dosing system (preeFlow
eco-PEN300, ViscoTec America Inc., Kennesaw, GA, USA) for extrusion. The dosing system was
mounted on the three-axis stage system and driven by our customized software. A needle with a
diameter of 0.5 mm was used in this research. The needle-substrate distance was set at 0.45 mm.
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The other parameters were set to guarantee the needle would slightly press the paste. This strategy
resulted in flat and gap-free layers. The details of this strategy were discussed in Chapter IV. In
this research, the line spacing was 0.6 mm, the stage moving speed 𝑣 was 17 mm/s and the flow
rate of the paste was 0.3 mL/min.
Microchannels were fabricated using a Pico-second laser (Olive-1064-10, Attodyne, Inc.
Toronto, Canada) with a wavelength of 1064nm. The laser beam was focused using a 5X lens (NA
= 0.13). The spot size was about 10 μm when using the lens. The repetition rate of the laser was
set at 1 kHz. The energy per pulse was 114.4 μJ. To fabricate a channel, the laser beam was scanned
line by line with a line spacing of 30 μm at the speed of 50 mm/s. The focus plane of the laser
beam moved 50 μm in z-axis after every 5 scans.
The green bodies with embedded microchannels were fired in a furnace with the heating
rate of 1°C/min to 500°C and 5°C /min to target temperature for 5h to obtain BCFZY0.1 phase
and densify the bulk. The density of the fired sample was measured using the Archimedes method.
The microstructure was characterized using a scanning electron microscope (SEM, Hitachi
S4800, Hitachi, Ltd., Tokyo, Japan). The dried paste powder was fired and analyzed using the Xray diffraction (XRD, Rigaku Co., Ltd., Tokyo, Japan).
Two sets of 3D microchannels were embedded in the device, as shown in Figure 5.1(a).
Each set has a 3-level structure. The 3 levels were illustrated in Figure 5.1 (b), (c) and (d). In the
bottom level, the two sets of channels formed an interdigital structure (Figure 5.1 b). The air passed
through the blue channels and the argon passed through the green channels. The walls between
blue and green channels were designed to be thin so the oxygen/hydrogen could diffuse through
the walls. In the intermediate level (Figure 5.1 c), the channels of each set connected the channel

79

of that set in bottom level to the channel in the top level at the other end. This allows the exhaust
gas passed through the intermediate level of the channel and left from the top level.

(a)

(b)

(c)

(d)

Figure 5.1 The design of the gas separator: (a) the general view of the
device; (b), top view of the base-level; (c), top view of the
intermediate-level; (d), top view of the top-level.

5.3 Results and Discussion
5.3.1 The microstructure of the device
The top and the cross-sectional view of the base-level of the microchannels after firing
were shown in Figure 5.2. The width of the channels was ~300 µm and the wall between channels
was ~200 µm. The geometry of the channel was preserved and the cutting edges were smooth. To
guarantee the gas-tightness of the device, the voids and delamination between neighboring layers
should be avoided. As discussed in Chapter IV, when using correct paste composition and
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machining parameter, the requirements can be met. Figure 5.2 (a) and (b) showed the top view of
the dense walls without any observable cracks or distortion. In the cross-sectional view (Figure
5.2 c), we found neither delimitation nor observable layer boundaries, which indicates that the
walls are gas-tight and can be used as a membrane for gas separation. The trapezoid shape of the
microchannel in Figure 5.2 (c) was due to the scattering of the laser beam in the edge of the channel,
which was discussed in Chapter IV.

(b)

(a)

(c)

Figure 5.2 The micrographs of the machined structure: (a), top view of the base-level; (b),
the wall between neighboring microchannels; (c), cross-sectional view of the base-level.

5.3.2 The phase and relative density of BCFZY0.1 from solid-state reactive sintering powder
In this study, solid-state reactive sintering (SSRS) was used to obtain dense BCFZY0.1
ceramic. Compared to the sol-gel method which obtained phase pure BCFZY0.1 powder first and
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then sintered the powder compact[39], the SSRS method starts with oxides and carbonates and
achieved the phase-transformation of BCFZY0.1 phase and densification of the green body in a
single firing step. Using SSRS can greatly enhance the processing efficiency and reduce the cost.
To understand the phase evolution of the paste powder during firing, the powders were analyzed
by the X-ray diffraction. The results were shown in Figure 5.3. The peaks correspond to BaCO3,
Co3O4 and Fe2O3 were found in the as-fired powder. After firing at 800°C for 5h, the BCFZY0.1
phase appeared together with an intermediate phase, Ba6Co4O12. The Ba6Co4O12 was almost
transformed to BCFZY0.1 when the powder was fired at 1000°C for 5h. The transformation was
completed when the firing temperature was above 1200°C. The microstructures of the surface of
bulk BCFZY0.1 after firing were shown in Figure 5.4. The sample fired at 1100°C was highly
porous and the porosity decreased as the firing temperature increased. Although pure BCFZY0.1
phase can be obtained as low as 1200°C, the resulted porous bulk ceramic was acceptable for
separation membrane. The dense surface was obtained when the sample was fired at 1400°C for
5h. The grain size at this condition was ~10 µm. The fracture surface of the sample fired at 1400°C
was shown in Figure 5.5. The surface was dense with limited isolated pores in several micrometers.
Since these pores were small and isolated, they would not damage the gas-tightness of the
membrane which has a thickness of ~200 µm. The density of the sample fired at 1100°C, 1200°C,
1300°C, and 1400°C was 2.28 g/cm3; 2.75 g/cm3; 4.17 g/cm3 and 5.47 g/cm3, respectively.
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Figure 5.3 The X-ray spectrum of BCFZY0.1 powder fired at
different temperatures for 5h.
Assuming that the BCFZY0.1 phase was a uniform perovskite structure without distortion,
the theoretical density of the BCFZY0.1 can be estimated from the X-ray spectrum in Figure 5.3.
The lattice parameter was obtained using the equation:
2𝑑 sin 𝜃 = 𝑛𝜆

(5.1)

where 𝑑 is the spacing between adjacent planes; 𝜃 is the incidence angle; and 𝜆 is the wavelength
of the 𝐾𝛼 of the copper.
The lattice constant 𝑎 can be calculated using the following equation:

𝑑=

𝑎
√ℎ2 +𝑘 2 +𝑙 2

where (hkl) is the Miller index of the plane.
The theoretical density was calculated based on the following equation:
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(5.2)

𝜌=

𝑀𝐵𝐶𝐹𝑍𝑌0.1
𝑎 3 𝑁𝐴

(5.3)

where 𝑀𝐵𝐶𝐹𝑍𝑌0.1 is the average molecular weight of BCFZY0.1 and 𝑁𝐴 is the Avogadro number.
The calculated theoretical density of BCFZY0.1 was 5.99 g/cm3. The relative density of the sample
fired at 1100°C, 1200°C, 1300°C and 1400°C were 38.1%; 45.9%; 69.6% and 91.3%, respectively.
These estimated relative density were consistent with the surface micrographs (Figure 5.4).

Figure 5.4 The surface microstructure of BCFZY0.1 fired at different
temperatures for 5h: (a), 1100°C; (b), 1200°C; (c), 1300°C; (d), 1400°C.
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Figure 5.5 The fracturing surface of BCFZY0.1 fired at 1400°C for 5h.

5.3.3 The effect of laser repetition rate
The laser repetition rate played an important role in the microstructure of the microchannel
after laser machining and firing. When the laser repetition rate was 100 kHz, the paste reacted
intensively when irradiated by the picosecond laser, resulting in black bulges in the bottom of the
channel, as shown in Figure 5.6 (a). The unmachined part of the sample remained brown red, which
is the color of the paste used in this study. The whole sample turned black after firing and was
converted to BCFZY0.1. We found that the microstructure of the black bulges was dense and
grains can be observed as shown in Figure 5.6 (b). Since the samples in Figure 5.6 were all fired
at 1300°C, the microstructure of the surface without laser machining was porous as shown in
Figure 5.4 (c). The differences in color and microstructure indicate that undesired partial sintering
occurred during laser machining. This phenomenon resulted in some dense ceramic area at the
bottom of the channel with an uneven surface. The laser machining rate on dense ceramics is much
slower than green paste and the laser scattering due to the rough surface further prevent the laser
from machining the channel after the bottom was partially sintered. When the repetition rate
reduced to 10 kHz as shown in Figure 5.6 (c), we found sintered flake at the bottom rather than
bulges, which indicated that less material at the bottom was sintered. When the laser repetition rate
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further decreased to 1 kHz, the bottom was clear without any observable sintered area (Figure 5.6
d).
When the green body was irradiation by laser, several mechanisms happen, including
melting or sublimation of the material, vaporization, dissociation, ablation, etc [157, 158]. The
picosecond laser used for machining ceramics was often known as “cold machining”[157], i.e. the
heating effect is actually highly localized and the material removal rather than heating is the
dominant effect. Even with the overall power of the picosecond laser increases, the heating effect
would not be significant. Actually, when machining the alumina green body by picosecond laser
in Chapter IV, we did not observe any similar effect on alumina green body. One of the possible
explanation is that the picosecond laser triggered the reaction of the SSRS powder and the heat
generated by reaction accumulated and resulted in partial sintering. The SSRS powder of
BCFZY0.1 consists barium carbonate and several oxides. None of the oxides in this research
would decompose and the reactions between oxides will not release much heat. The possible
reaction is the decomposition of barium carbonate. As shown in Figure 5.3, the barium carbonate
decomposed below 1000°C which can be easily achieved under laser irradiation. The laser
repetition rate determines the number of laser pulse per second. With the machining speed of 50
mm/s, the spacing between two consecutive pulses for the repetition rate of 100 kHz, 10 kHz, and
1 kHz was 0.5 µm, 5 µm and 50 µm respectively. The reduced partial sintering effect from the
spacing of 0.5 µm to 50 µm indicated that the spacing between the consecutive laser pulse has to
be close enough to accumulate the heat. The spot size of the picosecond laser used in this research
was ~18 µm, so the heating effect was still limited within center of the spot. The partial sintering
only observed when the spacing between two consecutive pulses was 5 µm or less, or in other
words, when the overlap between two consecutive pulses was 72% or higher.
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Figure 5.6 The microstructure of the microchannel after laser machining and
firing at 1300°C. The laser repetition rate: (a), 100 kHz; (b), 100 kHz; higher
resolution of the channel bottom of (a); (c) 10 kHz; (d), 1 kHz.

5.4 Conclusion
A novel gas separator was designed and fabricated using the extrusion freeforming and
laser machining methods. This method was capable to fabricate many multi-oxide materials, in
this paper, BCFZY0.1 gas separators were demonstrated from the solid state reactive sintering
powder. BCFZY0.1 phase was obtained as low as 1000°C, but the ceramic was porous. When the
sintering temperature went up to 1400°C, dense BCFZY0.1 ceramic with a relative density of
~91.3% and grain size of ~10 µm was obtained. The overlap between two consecutive laser pulses
affected the heat accumulation in the green paste. The overlap greater than 72% resulted in partial
sintering of the green body at the bottom of the channel and prevent further laser machining. To
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avoid partial sintering of the green body before firing, laser with the repetition rate of 1 kHz was
preferred. Under this condition, there was no overlap between two consecutive laser pulses.
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CHAPTER VI
6SUMMARY
This thesis is focused on laying the fundamental cornerstones for the expansion of current
extrusion-based ceramic AM technologies to enable novel ceramics with multiscale heterogeneous
microstructure. The study on the inkjet printing of sol-gel inks is targeting on the deposition of 2D
patterns with nano to submicrometer thickness. On the other hand, the study on the combination
of extrusion and PS laser machining is targeting on the embedded microchannels and other hollow
microstructure that cannot easily be fabricated using the current AM technologies.
The direct inkjet printing of ceramic sol-gel precursor method was developed to fabricate
2D patterns layers with nano-thickness. One of the greatest challenges was how to achieve stable
printing conditions for such inks. Line stability during printing is highly dependent on the printing
frequency, drop spacing and substrate temperature. The sol-gel inks that had a non-zero receding
contact angle with the substrate were impossible to print stable lines according to the previous
studies. However, we found that solvent-evaporation-induced gelation played an important role in
the stability of the printed lines. Neither the change of surface tension nor viscosity of nonevaporating ink could result in the line stabilization. A possible explanation is that the hot
substrates accelerate solvent evaporation and sol polymerization. These effects dramatically
increase the ink viscosity resulting in solidification of the printed line. The printed mullite lines on
as-received and the PVB-coated substrates were unstable at room temperature. By heating the
substrate to 75°C, we successfully obtained stable lines from the mullite sol-gel inks. The crackfree mullite nano-ribbon of the thickness ranging between ~90 nm and ~200 nm was obtained after
firing.
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The direct inkjet printing technique was extended to achieve proof-of-concept of the
fabrication of rare earth activated miniaturized scintillators based on YAG as a first step toward
fabricating scintillators with complex geometries. The line stability was improved by heating the
substrates. No stable lines were obtained at 25°C and stable printing condition windows were
obtained at 95°C for water-based YAG inks and at 40°C for the water-ethanol-based YAG ink.
The line thickness was influenced by the stability of the printed lines and the drop spacing. Bulges
in unstable lines had a larger thickness (~300 nm) and led to cracks and pores. Lines with a
thickness of ~200 nm printed using YWEP ink were dense and crack-free. YAG:Er3+ prepared by
the proposed sol-gel method and fired at 1200oC showed well-defined luminescence lines in the
ultra-violet and visible regions, demonstrating the luminescence activation of the YAG host with
rare-earths.
Combining additive manufacturing methods with conventional subtractive methods is a
solution to fabricate flexibly-embedded microchannels in bulk ceramics of complex geometries.
In this thesis, the feasibility of the integration of additive manufacturing and laser machining was
demonstrated. Embedded microchannels with the cross-section sizes from ~30 × 100 µm2 to ~400
× 550 µm2 were fabricated in bulk alumina which achieved a bulk density of ~94% after sintering.
The paste viscosity was optimized to ensure that the cover layer did not sag into the microchannels.
Under optimized paste extrusion and laser machining conditions, the microchannels were not
distorted or collapsed after laser machining and firing. In-plane channel patterns and vertical
channels were demonstrated. The microchannels after pressureless sintering had an approximately
uniform linear shrinkage of ~15 - 17% in all directions, so the shapes and spatial distribution of
the microchannels was preserved. The bottom shape of the microchannels was related to the aspect
ratio of the channels. Laser power was important to preserve the edges of microchannels with
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complex geometry. Cutting using a laser power of 40 μJ introduced severe damage at the edges
and the damage was avoided using a laser power of 20 μJ.
Using the integrated additive manufacturing and laser machining method, a functional
multi-oxides oxygen separator was designed and fabricated. Bulk BCFZY0.1 ceramic with
embedded 3D microchannels that can be potentially used as integrated oxygen separator was
obtained. The dense BCFZY0.1 bulk ceramic was obtained with a relative density of ~91.3% and
a grain size of ~10 µm after pressureless sintering at 1400 °C. Partial sintering was observed when
the channel was machined by the picosecond laser with the repletion rate of 100 kHz due to the
decomposition of the barium carbonate. The laser with the repetition rate of 1 kHz was preferred
to avoid partial sintering of the green body at the bottom of the channel before firing.
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